An investigation of thermal force with particular reference to materials of high thermal conductivity by Mcalister, James Andrew
INFORMAL ANNUAL RBPORT NO. 1 
PROJECT NO. B-159 
AN INVESTIGATION OF THERMAL FORCE WITH PARTICULAR 
REFERE~CE TO MATERIALS OF HIGH THERMAL CONDUCTIVITY 
By 
ANDREW McALISTER, THOMAS W. WILSON, 
AND CLYDE ORR, JR. 
RESEARCH GRANT NSF - G7051 
NATIONAL SCIENCE FOUNDATION 
WASHINGTON, D. C. 
JANUARY 11 1959 through DECEMBER 31, 1959 
Engineering Experiment Station 



























Informal Apnual Report No. 1, Pnoject No. B-159 
DEFINITION OF ·SYMBOLS 
empirical constant appearing in slip-correction equation. 
cross-sectional area of aerosol stream in precipitator, normal to 
direction of flow [A 2 ~ r L] 
pa rtioulate radius 
empirical constant appearing in slip-correction equation 





conversion factor (gravitational constant) 
thermal conductivity of aerosol carrier medium 
thermal conductivity of particulate material (bulk conductivity) 
precipitator plate separation 
molecular weight of the aerosol carrier medium 
pressure of the .aerosol carrier medium 
volumetric flow rate of the aerosol 
gas constant 
radial distance 
precipitator inlet radius 
deposit radius 
slip-correction factor 
absolute tempe ratur e of ae rosol carrie r medium 
temperature diffe rence between hot and cold precipitator plates 
time 
t i me r e qui r ed f or particulate to move from precipitator inlet to cold 
plate surface 
local (or point) fluid velocity 
average fluid ve l oc ity [U Q/A ] avg x 
U maximum flui d ve l ocity 
max 
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DEFINITION OF SYMBOLS (Continued) 
V horizontal velocity of particulate 
r 
V vertical velocity of particulate 
y 
v mean molecular velocity of gas molecule 
y vertical distance measured from mid-plane of the precipitation region 
& mobility of particulate 
A mean free path of aerosol carrier medium 
IJ. viscosity of aerosol carrier medium 
pp particulate density 
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I. SUMMARY 
Current theory and recent experimental observations of thermal force 
phenomena are not in agreement, particularly with regard to the influence 
of the particulate thermal conductivity on the thermal force. The objective 
of the present study is to reconcile this disagreement and to develop a more 
thorough understanding of the force exerted on air-suspended particulates in 
a nonuniform temperature region. 
Two types of experimental apparatus have been developed to facilitate 
this study. The first, a radial-flow thermal precipitator has been con-
structed and operational procedures and limits have been established. Suffi-
cient measurements have been made on this apparatus to show that siginificant, 
reproducible data can be collected. The second type, a modified Millikan 
apparatus that permits the direct observation of particle behavior in a ther-
mal gradient, has been constructed; but additional refinements must be made 
before reliable data can be obtained with it. 
An extensive theoretical investigation of particle• behavior based on radio-
meter force theory has been made. Theoretical values of the thermal force 
and of the corresponding deposit radii for a wide range of operating variables 
have been calculated using a program developed for the IBM-650 computer. These 
computed data have been plotted to show the hypothetical relationship of all 
variables. Resulting curves have been most useful in programming experimental 
work, in comparing experimental results, and in explaining some of the pecular-
ities of thermal precipitator operation. 
With the thermal precipitation apparatus, data have been obtained for both 
magnesium oxide and zinc aerosols. A really significant Quantity of data has 
been recorded--only, however, for magnesium oxide particulates--and experimental 
thermal forces have been computed therefrom. For zinc particulates the limited 
data thus far collected are of quali tative significance only. 
Observations upon the experimental r esults currently available might be 
summarized as follows: With magnesium oxide as the particulate material, the 
experimental inconsistencies are generally within ! 10 per cent of the mean 
observed value. The experimental thermal f orce at a pressure of one atmosphere 
appears to be about four t o six times greater than the theoretical value. This 
factor seems t o be somewhat dependent upon operat ing conditions and to be 
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particularly sensitive to pressure. With zinc as the particulate material, 
the experimental force appears to be much greater than the theoretical value; 
however, no quantitative statements can be made at this time. 
More data are needed over a wider range of operating conditions before 
conclusive evaluations can be made. Future work will consist of expanding 
the collection of data for magnesium oxide, zinc and stearic acid particulates 
using present equipment and techniques. As time permits, other materials 
will be surveyed to provide a more comprehensive coverage of the effect of 
particulate physical properties. Experimental efforts will also be continued 
using the modified Millikan apparatus. Concurrent with the collection of 
experimental data, additional effort will be directed toward the determina-
tion of the correct particulate size to be used in the calculation of experi-
mental forces. Presently, the particulate size can be estimated, but further 
experimental support is necessary for a more precise evaluation of results. 
- 2-
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II. INTRODUCTION 
Airborne particulates in a thermal gradient experience a force, the magni-
tude of which depends on a number of factors such as particulate size and 
thermal conductivity, physical properties of air, and thermal gradient. In 
certain types of experiments the magnitude of the forces and the influence of 
particulate thermal conducivity are not in accord with the currently accepted 
theory. 
During the past few years, two experimental techniques for investigating 
these thermal force phenomena have been employed. One has involved the analysis 
of thermal precipitator deposition, while the second has utilized procedures 
and equipment similar to those of the Millikan oil drop experiment t o study 
directly the behavior of a particulate under the influence of a thermal g~di­
ent. Previous ~esults from the Millikan type experiments support the radio-
meter theory of Epstein1 while the thermal precipitation analyses do not . A 
recent theoretical consideration of the so-called dust-f ree space phenomenon 
by Zernik
2 
indicates that thermal forces in flowing sys tems should be greater 
than in nonflowing systems. Also, an experimental study by Schadt and Cadle3 
using a thermal precipitator technique shows that materials of relatively high 
thermal conductivity behave as if subjected to thermal f orces cons ider ably · 
greater than would be predicted by rigor ous theoretical considerations alone. 
This sugges ts that a correlation based on a diminished effect ive thermal con-
ductivity for a particulate in a moving system might bring the t hermal p recipi-
tator data into agreement with results f r om stati c systems that alrea dy support 
existing theories. In view of this possibility, a comprehensive study of 
the rmal precipitator operations has been undertaken; the results of wh i ch a re 
to be compared with those obtained from a Milli kan-type experiment. 
1P. Epste in, "Fur Theorie de r Radiometers , " &eitschri ft fur Physik 54 , 537 
(1929 ). 
2w. &erni k, "The Dust~Free Space Surrounding Hot Bodies, " Br i tish J ournal of 
Applied Physics ~' 117 (1957). 
3 c. F. Schadt and R. D. Cadle, "The rmal Forces on Aerosol Partic l es i n a 
The rmal Pr ecip itator ," Journal of Colloid Science 12, No . 4 , 356 (1957). 
-3-
Informal Annual Report No. 1, Project No. B-159 
Thus, the objective of the present study is to reconcile the disagreement 
between experimental results and theory and to develop a more complete under-
standing of thermal force phenomena. 
This report, covering the accomplishments of the period from January 1, 
1959 to January 1, 1960, presents apparatus design, preliminary experimental 
data, analytical studies, and future plans. 
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III. APPARATUS CONSTRUCTION AND OPERATION 
Initial experiments in this investigation were performed '.ofith a thermal 
precipitator. While a number of geometric configurations may be employed in 
a precipitator, the operating principle is the same in all cases . Particulate 
matter is deposited on a surface which lies within the dust-free space of a 
relatively warmer one. Selected for use in the experimental phase of this 
study was a precipitator consisting of two horizontal circular plates, con-
centrically spaced so that the hot plate is directly above the cooler one . 
An aerosol (air laden with particul ates) flows radially between the plates 
from an inlet in the center of the hot plate. Precipitators of this type have 
been investigated earlier in this laboratory
4' 5 ' 6 and are thought to be most 
appropriate for the study of thermal force phenomena. 
Figure l is a half-section drawing showing general construction details. 
The precipitator consists essentially of an electrically heated hot plate 
spaced a known distance above a plate that is coo.led by a water chest . Normally, 
a spacing of about 0 . 015 inch is used . The recess in the cold plate accommo-
dates a thin glass plate, or disc, on which particulates deposit. This plate 
is removable so the deposit can be conveniently inspected and measured. When 
inserted, the glass is moistened with Kel-F 3 (fluorocarbon oil, M~ W. Kellog 
Company) on its lower side to assure adequate thermal contact, and on its 
upper side, to insure retention of the impinged particles. 
An experiment is initiated by bringing each plate in the thermal precipi-
tator to a definite t emperature . Dust-laden air is then metered at a constant 
flow rate through the inlet tube in the center. As the air flows radially 
outward between the plates, the particulates are deposited on the glass disc . 
A manifold around the periphery of the plates collects the discharged air and 
channe.ls it through the exhaust tube. While the run is in progress the surface 
4
M. it II 8 6 ( 4) T. Gordon, Thermal Precipitation Analyzed, Science 119, 1 195 . 
5c. Orr, Jr . , M. T. Gordon, and M. C. Kordecki, "Thermal Precipitation for 
Sampling Air-Borne Microorganisms, 11 Applied Mic robiology ~' 116 (1956). 
6c. Orr, Jr. and R. A. Martin, "A Precipitator f'or Continuous Aerosol Sampling, " 
Rev iew of Scientific Instruments 29, 129 (1958). 
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Figure l. Thermal Precipitator Detail. 
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temperatures are monitored with thermocouples to assure constancy. Experi-
mental results are computed from the maximum deposit width. This distance, 
measured radially from the point of particulate entry to the point of precipi -
tation, is established by those particulates that travel the greatest distance . 
As shown in Figure 2, particulates travelling this greatest distance must 
enter the precipitation zone near the heated surface and at the outer radius 
of the inlet. Particulates entering at other points are precipitated at 
shorter radii. This means that only the outer extremity of the deposits has 
significance and that results calculated for particulates precipitated within 
the deposits would be meaningless. To make optimum use of this feature, 
another precipitator was designed to restrict the variation in entrance condi-
tions and thus produce a more useful deposit . 
Figure 3 is a half-section drawing of the modified precipitator. Figure 
4 is a photograph of the opened assembly. This precipitator is simi lar to the 
original except that the inlet stream is divided . One portion of the stream 
containing particulates enters around the side of the inlet value and emerges 
into the precipitation zone between the valve lip and the hot plate. A second 
portion of particulate-free air enters the precipitation zone from within the 
valve stem. This stream of air prevents the development of turbulence at the 
valve lip. By adjusting the micrometer, the valve lip is brought near the 
upper surface; thus all particulates are forced to enter the precipitation 
zone essentially at the same level. This, in theory at least, allows calcula-
tions to be made for particulates within the deposit . Experiments indicate it 
is possible to limit the particulate entrance to 0.002 i nch from the upper 
surface . Present experiments, however, have been largely with the original 
design. It is anticipated that modified precipitation will be studied more 
thoroughly in future work. 
Aside from the construction of a suitable thermal precipitator , much 
effort has b een expended on the development of auxiliary equipment and the 
establishment of operating procedures . Preliminary investigations showed 
clearly that experimental results were particul arly sensitive to the aerosol 
flow rates and that these rates were difficult to control and to measure under 
the conditions encountered. Therefo re , a positive displacement mechanism was 
developed to control this flow adequately. Utilizing this mechanism, it was 
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Figure 2. Schematic Diagr am of Thermal Precipitat or Showing 
Typical Particulate Paths . 
-8-















































Figure 4. Modified Thermal Precipitator Partially Disassembled . 
Informal Annual Report No. 1, Project No. B-159 
possible to maintain constant flow rates of a very low magnitude. The flow 
control system thus made possible a substantial improvement in the precision 
of experimental results. 
While the thermal precipitator experiments were being made, a Millikan 
apparatus was also being adapted for the investigation of thermal force 
phenomena. Figure 5 is a photograph of the entire assembly, while Figure 6 
is a detailed drawing of the main chamber. Particulate behavior in this 
apparatus is very similar to that occurring in the thermal precipitator. 
The distinguishing characteristic is that air in the Millikan apparatus is 
at rest .while it is in motion in the thermal precipitator. Also, electric 
control makes it possible to study a given particulate repeatedly, thus 
making greater precision theoretically attainable . 
The electrodes in this appanatus have been specially designed for deter-
mining thermal force as shown in Figure 7. Two cylindrical electrodes are 
arranged concentrically, one above the other . The upper one can be heated by 
a resistance coil while the lower one can be cooled by a small water jet. 
Thermocouples have been inserted near the inner surfaces of 'both for tempera-
ture measurement. Also, a centering electrode has been inserted in the 
surface of the lower electrode to prevent the loss of a particle while it 
is being studied. Both electrodes are encased in Bakelite shells which are 
rigidly mounted in a brass case. The complete assembly is suspended in the 
main chamber of the Millikan apparatus. A water bath shields the apparatus 
from ambient room temperature changes. 
Particulates to be studied in this apparatus are passed through a corona 
discharge to give them an electric charge. In very di lute concentrations, 
they are then drawn into the main chamber. Here, the particles can be observed 
by dark field illumination. A single particulate is selected for study and 
kept suspended between the two parallel electrodes by an electric field. The 
mass is then determined by allowing the particulate to fall under the influ-
ence of gravity. After several such determinations, a thermal gradient is 
established and the experi ment is repeated to evaluate the thermal force. A 
particulate may be studied as many times as desired by applying the proper 







































































a- UPPER ELECTRODE 
b-LOWER ELECTRODE 
c-HEATER 
d - BAKELITE INSULATION 
COLD WATER INLET 
Figure 7. Detail of Elec t r odes f or Mi llikan Apparatus . 
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IV. CALCULATION OF EXPERIMENTAL THERMAL FORCE 
Thermal force phenomena in thermal precipitation are deduced from t he 
path a particulate describes in moving through the precipitation zone. As 
a particle falls under the influence of both gravitational and thermal 
forces, it is moved horizontally by the surrounding air stream. Hence the 
particulate path is a function of both vertical forces and the radial move-
ment of the air in which the particulate is suspended. By the joint appli-
cation of Stoke's law and principles of laminar fluid flow, the particulate 
behavior and the motivating forces can be resolved. This treatment is 
presented in the following derivations. 
A. Calculation of the Velocity of a Particulate 
Ae rosol flow through· .a thermal precipitator must be laminar for analysis 
of results. This is ensured in the present study by the fact that the 
Reynolds number, being less than 100 for normal flow rates, is well below 
the critical value for turbulent .flow. If the parabolic velocity profile 
for laminar flow between parallel plates is assumed not to be significant ly 





u = u max 
= lu 2 avg 
= 3 Q 4 I rr r 
(1) 
= 3 (~J 2 ( 2 3 rr ~r L) ' 2 (2 ) 
L [1 (~2) y2l ( 3) 
At t his point, it is necessary to determine the particulate velocity rela-
tive to the fluid veloc ity. I t has been calculated that 10 micro seconds 
are required for a one-micron particulate in a flowing aerosol to be acceler-
* ated from rest to 90 per cent of t he veloci ty of the pass ing air. Hence , it 
* This calculation was made by equating the particulate drag force t o the 
p rr~ dV 
p 6 p dtp .Solution of this diffe r ential 
1n ( 1 - (v / u)]. 
p 
inertial force: (u- v )Z = 
p ~ D3 
equation yields t = P6 Z P 
-15-
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is quite adequate to assume that the particulate horizontal velocity, V , is 
r 




r dr = 
3 Q 
4 n r L 
3 Q 
r n L 
(4) 
The vertical coordinate of the particulate position, y, can be expressed 
as a function of time provided some assumption about the vertical particulate 
velocity is made. For the present, the vertical velocity is assumed to be 
constant. This assumption is not absolutely correct and in subsequent 
analysis the velocity will be allowed to change should experimental evidence 
indicate that suCh a change would be significant. After the assumption of a 
constant vertical velocity, V , it follows that 
y 
v L = 
tf y 
(5) 
and, from Figure 8, 
L v t. y 
2 y 
(6) 
Substituting Equation 6 in Equation 4, and integrating between limits 
gives 
(7) 




in which the precipitation time is a function of the plate spacing, ae rosol 
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HOT PLATE 
...JIN 
AXIS, r ~ 
COLD PLATE 
Figure 8 . Coordinate Sys t em for Defining Part icul ate Trajectory . 
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it follows that 
v 
y 






A particulate in a viscous meaium moving under the influence of a constant 
force attains a steady velocity that i s a measure of the force. Thus, 
V == :?. F, (10) 
where :?., the mobility7 of the particulate, depends on the material and shape 
of the particle, and on the medium. For a sphere in a homogeneous medi um, 
1 (ll) 6- n: 1-l a 
This is a form of Stoke's law.8 As the inhomogeneity of the medium becomes 
comparable in size with the parti cle, a slip factor9, 10, ll must be con-
s idered. Thus Equation ll becomes 
(12) 
in which (l + A (A + 
a 
-C ~ 
A Be ) ] accounts for the slip of the particulate 
7 I. M9.ttauch, "Eine experimentelle Ermi ttlung des Widerstandsgesetzes kle iner 
Kuge ln ih Gases," :?.eitschrift fur Physik 32, 439 (1925) . 
8 R. A. Millikan, Elec trons (+and -), Protons, Photons , Neutrons , Mesotrons, 
and Cosmic Rays , The University of Chicago Press , Chicago (1935 ). 
9E. Cunningham, "On The Velocity of Steady Fall of Spherical Particles 
Through Fluid Medium," Proceedings of The Royal Society 83A, 357 (1910 ) . 
10
R. A. Millikan, "Coefficients of Slip in Gases and the law of Reflection 
from the Surfaces of Solids and Liquids ," Physical Review 21, 217 (1923). 
11c N ,...__ · "nef· ·t· E t · " . . ~vles, llll lYe qua lOllS for the Fluid Res istance of Spheres, 
Proceedings of the Physical Society 57, 259 (1945). 
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between the gas molecules. By the combination of Equations 9, 10, and 12, 
the total precipitating force can be evaluated. Thus, 




where F is the sum of the gravitational and thermal forces. The gravitational 
force is merely the mass of the particulate times the gravitational accelera-
tion constant, or 
F 
g = 
4 .,. g a3 P 
3 " c p' (14) 
Subtracting Equation 14 from Equation 13 gives as the expression for thermal 
force, 
6 1-1 a Q 
(15) 
( 2 2'\ [ A. ( -cD] r - r;) 1 + a A + Be ') 
C. Mean Free Path of Air Molecules and Slip Factor Evaluation 
For use in the previously developed equations, the mean free path for 




1-L R T 




Using this expression for the mean free path of air molecules, Davies has 
shown that the proper constants for slip factor evaluations are A= 1.257, 
B = 0.400 and C = 1.10. The temperature used in the above evaluations has 
been assumed constant at 298° K. 
12Lo •t C. Cl • 
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V. CALCULATION OF THEORETICAL PARTICLE BEHAVIOR 
Of the theories that have been proposed to explain the effects of thermal 
forces on particulates, that of Epstein13 seems to be supported best by experi-
mental observations. This thermal force equation, based on radiometer theory, 
was developed for the case of a spherical particulate in a thermal gradient. 
The mathematical development of the theoretical investigation employs also the 
equations discussed in the preceding section of this report. The order in 
which these latter equations are used is essentially reversed, however. In 
this treatment, a theoretical the rmal force for a specific set of conditions 
is calculated using Epstein's equation, 
:=: 






L • (18) 
The gravitational force acting on the particulate under consideration is 
then evaluated from Equation 14. Finally, the theoretical deposit radius f or 









The computations just described we r e incorporated in a program for an 
!BM-650 computer . The program prowides for the calculation of (l ) the s lip 
factor, (2) the mobility, (3) the thermal rorce, (4) the gravitational force , 
(5) the deposit radius, and (6) the terminal vertic'le velocity of the 
particulate. It covers a particula~e size range from 0. 2 to 5 microns , a 
range of volumetric flow rates from 200 to 1000 cc per minute, and a range 
of pressures from 0.01 to 1.0 atmosphere . 
This program was executed in the Rich Computer Center at Georgia Tech 
for three materials of markedly different thermal conductivity, i.e., 
13Eps t e in, Loc. cit. 
- 20-
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magnesium oxide, zinc, and stearic acid. These substances were chosen for 
theoretical consideration because of their suitability for use in experi-
mental studies. The physical dimensions of the precipitator used in these 
calculations were also chosen to permit direct comparison of experimental 
data and theoretical results. 
The theoretical data were plotted to show most clearly the effect of 
operating conditions as well as the effect of the physical properties of 
the particulate material on thermal precipitation. Results from this 
investigation, including examples of the plotted data, are presented in 
the following section of this report. 
- 21-
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VI. DISCUSSION OF RESULTS 
A. . Investigation of Theoretical Particulate Behavior 
The theoretical effects of the operating variables of a thermal precipi-
tator upon thermal force are immediately obvious from Equation 19. Also 
evident are the effects of certain properties of the particulate and of the 
aerosol carrier medium upon the thermal foree. These more direct effects 
have not been shown in the plots but might be summarized as follows: theoret-
ically thermal force is directly proportional to the thermal gradient, 6T/L, 
inversely proportional to the gas pressure, independent of the volumetric 
flow rate of the aerosol through the precipitator, directly proportional to 
the square of the viscosity of the carrier medium, inversely proportional to 
the medium's molecular weight, and directly proportional to the diameter of 
the particulate . 
The term k m 
2 k + k 
m p 
relates the thermal conductivity of the particulate 
mate rial to the thermal force. Where the tnermal conductivity is high 
relative to that of the aerosol carrier medium, the thermal force will be 
much less than that for a material of relatively low thermal conductivity. 
The magnitude of this effect is illustrated in Figure 9, a semilog plot of 
thermal force vs. thermal gradient for stearic acid (kp ~ 0.0003 cal/cm-°K-sec), 
magnesium oxide (k = 0.00146 cal/cm-°K-sec), and zinc (k = 0.2653 cal/cm-
p p 
°K-sec). In the case of zinc, for example, the force at any specific 
condition is approximately l/170 the forc e for magnesium oxide, while for 
stearic acid the force is approximat ely four times greater. It has been 
obse rved that for a typical set of conditions, the forces for stearic acid, 
8 -8 -8 magnesium oxide, and zinc are respectively: 3 . X 10 , 1.0 X 10 , and 
6 X 10 dynes. 
Not quite so obvious are the theoretical effects of these same vari-
ables upon the radius of a thermal precipitator deposit. Some interesting 
observations have been obtained, however, by plotting the theoretical data. 
While the effects have hot been conclusively supported by experimentation, 
the theory appears to predict correctly the general behavior of a given 
particulate. To that ext ent, the theoretical data are useful in explaining 
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THERMAL GRADIENT (°C/ CM) 
Figure 9. Theoretical Ef fect of Particulate Thermal Conductivity on 
Thermal Force. Curves ar e based on air as carr ier medi um at 
pr essures of 0 . 5 atm (br oken line ) and 1 . 0 atm (solid line ). 
The uppermost pair of curves appl y to stearic a cid, k = 0 . 0003 
ca l/cm-° K- sec; the intermediate pa i r apply to magnesiRm oxide , 
k = 0 .00146 cal/cm-°K- sec ; the lower pair apply to z inc , k = 
0~265 cal/cm- 0 k - sec . Thermal forces are f or 1.0 micron par~icles . 
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interesting and informative relationships are graphically illustrated for 
discussion. The effect of particulate diameter and pressure on the deposit 
radius is illustrated in Figure 10, a plot of particulate diameter vs 
deposit radius with pressure parameters. This plot is based on the behavior 
0 
of magnesium oxide particles, a thermal gradient of 1970 C, an aerosol flow 
rate of 600 cc per minute, and a precipitator plate separation of 0.0406 
centimeter. It is evident that the deposit radius is a function of pressure, 
decreasing rapidly as the pressure decreases. Theoretically, for a one-
micron particle of magnesium oxide, a decrease in pressure from 1.0 to 0.01 
atmosphere results in a decrease in the deposit radius from approximately 
6.5 centimeters to 0.5 centimeter. Thus thermal precipitation is theoret-
ically more efficient at lower pressures. 
It can be seen in Figure 10 that the deposit radius is u function of 
particulate diameter and that the deposit radius r eaches a maximum value 
for some critical diameter determined essentially by the operating pressure 
and by the physical properties of the particulate material. This effect 
is evident as a "nose " on the curve that is characte ristic of the rate of 
change of deposit radius with respect to particulate diamete r. In general, 
the critical particulate size increases gradually as the pressure decreases, 
though the· overall effect becomes much less pronounced. At very low 
pressures the "nose" on the curve disappears and, in the case of magnesium 
oxide , the deposit radius decreases continuously as particulate size 
decreases below 4 microns at a pressure of 0.01 atmosphere. 
The effect of the physical properties of the particulate material on 
the depos it radius is illus trated in Figure 11, which i s also a plot of 
particle diameter vs deposit radius. In this illustration, curves have 
been plotted for stearic acid, magnesium oxide, and zinc at pressures of 
1.0 and 0.1 atmosphere. The the rmal gradient, aerosol flow rate and pre-
cipitator plate separation are the same as for Figure 10. Here, it can be 
seen that the critical particulate size effect is general, but that for 
. th h t 11 rr (• any glven pressure, e c arac e ristics of the nose on the curve l.e., 
the rate of change of deposit radius with respect to particle d iameter) is 
highly dependent upon the thermal conductivity and density of the particu-
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DEPOSIT RADIUS (CENTIMETERS) 
Figure 10. Theoretical Effect of Particle Size and Pressure on the Deposit Radius. Particulate 
material is magnesium oxide. Aerosol flow rate i s constant at 600 cc / min. Thermal 
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DEPOSIT RADIUS (CENTIMETERS) 
Figure ll. Tehoretical Effect of Ther mal Conductiv i t y and Density on Depos i t Radius . The 
base condition are aerosol flow rate = 600 cc / min, thermal gr adient = 1970° C/ cm, 
and precipitator plate separ a t i on = 0.0406 em. Thermal conductivity units are 
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of one atmosphere. For the case of magnesium oxide, the critical particulate 
size effect is prominent and the critical size is about 0.8 micron. For the 
case of stearic acid, the critical size efrect is less pronounced, and its 
curvature is similar to that of magnesium oxide at a much lower pressure 
(i.e., between 0.1 to 0.5 atmosphere). The critical diameter of stearic acid 
is about 1.7 microns. In the case of zinc, the critical particle diameter is 
less than 0 .2 micron and the deposit radius increases rapidly with decreasing 
particulate size down to that value. It can be seen, however, from the 0 .1-
atmosphere curve that the critical particulate size effect is applicable in 
the case of zinc. Apparently, for a pressure of one atmosphere the m~imum 
deposit radius lies below the particulate size range of these calculations. 
Figure ll also shows that the significance of the effect of particulate 
size on deposit radius increases as the thermal conductivity increases. In 
a particulate diameter range from 0 .2 to 5 microns and at a pressure of one 
atmosphere, the deposit radii ranges for stearic acid, magnesium oxide and 
zinc are, respectively, 2.9 to 3.8 centimeters, 3.1 to 6.6 centimeters, and 
2.2 to 38 .5 centimeters . 
The critical particulate size effect implies a varying particulate s i ze 
distribution with radius depending upon the operating pressure and the nature 
\ 
of the material. Due to this effect of particulate diameter on the precipi-
tation distance, thermal precipitator deposits can be varied by changing the 
size of the particulate material being used . Cons ider particulates ranging 
from 1.5 micron to 0.2 micron. For stearic acid the critical particulate 
diameter lies above this size range. Thus the deposit radius decreases as 
the particulate diameter decreases and the larger particulates would be 
expected to precipitate near the outer periphery of the deposit. For zinc, 
on the other hand, the critical particulate diameter is less than the lower 
limit of the s ize range being considered. Thus the deposit radius increases 
as particulate s ize decreases and the smaller particles would tend to precipi-
tate near outer periphery of the depos it. The critical particulate s ize for 
magnesium oxide is about 0.8 micron and lies within the range under cons idera-
tion. The depos.it radius increases with decreasing particulate size to the 
critical value and then decreases . Thus, at the outer periphery of the 
deposit, the dis~ribution should contain particulates both greater t han and 
-27-
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less than 0 .8 micron but approaching that value at the outer extreme. It 
is further noted that rate of change in particulate diameter with respect 
to radius for zinc is less than for stearic acid or magnesium oxide and 
the outer radius of the deposit should not be so sharply defined. Figure 
ll indicates further that in the particulate size range for which thermal 
precipitation is most effective (i.e., below 3 microns), the depos i t radius 
is generally greater for materials of higher thermal conductivity. 
The effect of aerosol flow rate on deposit radius is illustrated in 
Figure 12, where particulate diameter is plotted v~radius with flow rate 
and pressure parameters. Again the magnesium oxide particle and the thermal 
gradient of 1970° C per centimeter are selected as a basis for the illustra-
tion. This plot shows, first, the more obvious effect of inc reas ing deposit 
radius for a given increase in flow rate is greatest for the critical 
particulate size discussed earlier. Finally, it appears that deposit radius 
becomes less sensitive to flow rate as the pressure decreases. 
B. Experimental Results 
Much of the data collected thus tar have been for the purpose of testing 
their significance alld reproducibility. Other data were recorded incidental 
to the establishment of 0perating procedures and limits. Consequently, the 
complete tabulation includes some data simply because of their value in 
supporting statistically the relative magnitude of the experimental thermal 
forces even though they do not fit into an orderly s~heme of analysis. It 
will be noted that results have been recorded from runs made on two similar 
precipitators, designated "A" & nB," for two precipitator plate separati ons , 
vis., 0 . 071 and 0 . 041 centimeter. Tabulated data are presented in Tables I, 
I~ and III, grouped according to prec i p i tator and plate s eparation. Thermal 
forces were computed from all experimental data by use of the equations 
developed in Section III. Also, for each set of operating condi tions, a 
theoretical value of the thermal force and t he corresponding theoreti cal 
r adius have been calculated by folloving the development in Section IV. Thus 
a theoretica l value is available for direc~ comparison wi th the measured 
value . All data were processed on tfie IBM-650 computer. 
The experimental results are also plotted for graphical presentation 























---- P ~ 0.01 ATM 
----- P ~ 0.25 ATM 





Q ~ 600 \ 
\ 
3 
Q ~ 200 
" 2 
I I 








""""""'"" ---- ....-./ ....- --
00 2 3 4 5 6 7 8 
DEPOSIT RADIUS (CENTIMETERS) 
Figure 12. Theoretical Effect of Aerosol Flow Rate on Deposit Radius. This curve also shows 
variation in the effect of flow rate with pressure. The curves are based on 
magnesium oxide particulates, a thermal gradient of 1970° c/cm and a precipitator 







































EXPERIMENTAL DATA AND CORRESPONDING COMPUTED VALUES FOR MAGNESIUM OXIDE PARTICLESa 
(A) (B) (c) (D) (E) (F) (G) b (H) b (I) 
Observed Theoreticalb Experimental Theoretical 
~ Thermal '. Aerosol Particle Particle Radius Thermal Thermal Force I-\) 
Pressure Gradient Flow Rate Travel Travel Ratio Force Force Ratio 0 
(Atm) (° C/ Cm) ( CC/Min) (em) (em) (D/E) (Dynes x 10-8) (Dynes x 10-8) (G/H) 
0.96 841 371.3 2.66 6.59 0.404 2.90 0.404 7.18 S' 0.97 844 396.8 }..06 6.85 0.447 2.40 0.401 5·99 J:j 
0.96 84-7 400 3 .. 06 6.83 0.448 2.41 0.407 5.92 ~ 
1.0 844 425 }.16 7·19 0.439 2.44 0.389 4.27 1-' 
0.97 871 476 ~·37 7.45 o.452 2.42 0.414 5.85 i 1.0 984 403.2 2.96 6.61 0.448 2.61 0.454 5. 75 0.97 1127 420.2 }..01 6.33 0.476 2.63 0.536 4.91 
0.96 1110 440.9 2.74 6.50 0.422. 3.28 0.533 6.15 
I ~ I 0.97 1127 457.4 3.18 6.62 0.480· 2. 59 0.536 4.83 w . 
0 6:97 1111 460.1 3.04 6.67 0.456 2.84 0.538 5.28 1-' I 
0.96 1409 384.6 2.37 5.48 0.432 3-72 0.677 5.49 ... 
0.96 1409 384.6 2.31 5.48 0.421 3·90 0.677 5. 76 ' 'l:j 1-1 
0.97 1406 402.7 2.49 5.65 0.441 3.58 0.669 5.35 0 <:.,. 
0.97 1406 458.7 2'-.64 6.o6 0.436 3·67 0.669 5.25 (1) ' () 
c:+ 
0.1 931 612.3 0.60 1.68 0.357 21.7 4.29 5.06 !<:I 
0.5 956 170.5 0.96 2.99 0.321 6.47 0.829 7.80 0 . 
0.5 1124 491.8 1.74 4.84 0.360 7.24 1.04 7.96 tJj 
0.5 1118 503.3 1.85 4.91 0.377 6.67 1.03 6.48 I 1-' 
0.5 1402 199.0 0.81 2.63 0.307 9.84 1. 29 7.63 \Jl \0 
0.5 1409 217.4 0.91 2.76 0.330 9.02 1.30 6.94 
0.5 1411 236.0 0.92 2.89 0.318 9.64 1.30 7.42 
0.5 1404 241.0 0.91 2.93 0.311 10.02 1.29 7·77 
0.75 880 312.5 1.80 5.25 0.343 4. 69 0.541 8.67 
0.97 875 135 1. 72 3·77 0.456 2.18 0.416 5.24 
0.97 882 324 2.94 6.05 0.486 2.08 0.419 4.96 
0.96 1062 555 3.24 7.47 0.434 3.07 0. 510 6.02 
0.97 1132 464.4 2.74 6.66 0.411 3.49 0.538 6.49 
0.97 1125 465 .8 2.74 6.69 0.410 3.50 0.535 6.54 
Continued 
TABLE I (Continued) 
EXPERIMENTAL DATA AND CORRESPONDING COMPUTED VALUES FOR MAGNESIUM OXIDE PARTICLESa 
(A) (B) (C) (D) (E) b (F) (G) b (H) b (I) 
Observed Theoretical Experimental Theoretical 
Thermal Aerosol Particle Particle Radius Thermal Thermal Force H ::s 
Pressure Gradient Flow Rate Travel Travel Ratio Force Force Ratio H.! 0 
(Atm) (o c/ em) (CC/Min) (em) (em) (D/E) ( Dyn€1S X 10-8) {Dynes x lo-8) (G/H) i 
0.97 1118 467.3 2.86 6.71 0.426 3 .18 0 .532 5.98 I-' 
0.97 1115 496.7 2.81 6.94 0.405 3·57 0.530 6 . 74 § 0.96 1114 506.8 2.96 6.98 0.424 3 ·31 0 .535 6 .19 iS 
0.97 1404 376.9 2.46 5.45 0.451 3.40 0.667 5 .10 PJ I-' 
0.96 1409 378.8 2.45 5.43 Q.451 3.45 0 . 667 5 .10 !::d 
0.96 1406 480.8 2.59 2.59 0.419 4.00 0 . 676 5.92 ([) 'd 
0.96 1399 493.0 2-.59 6.28 0.412 4.10 0 .612 6 .10 0 li 
0.96 1399 500.0 2.62 6.32 0.414 4.08 0.672 6 . 07 c+ 
I ~ w 
I-' . 
I 
aRuns made on precipitator "A" with a plate separation of 0 .071 centimeter. I-' 
bAll computations based on a particle 
'1:1 













EXPERIMENTAL DATA AND CORRESPONDING COMPUTED VALUES FOR MAGNESIUM OXIDE PARTICLESa 
(A) (B) (c) (D) (E) b (F) (G) b (H) b (I ) 
Observed Theoretical Experimental .Theoretical 
Thermal Aerosol Particle Particle Radius Thermal Thermal Force H ~ 
Pressure Gradient Flow Rate Travel Travel Ratio Force Force Ratio !-;;) 0 
(Atm) (° C/Cm) ( CC/Min) ( Cm) (em) (D/E) (Dynes x lo-8) (Dynes x 10 8) (G/H) l Q.5 507 180 2.06 3.93 0.524 1.86 0.468 .3.97 
0.5 988 166 1.07 2.80 0.382 5.28 0.92 5.74 § 
0.5 1012 169 l. 24 2.75 0.451 4.20 0.969 4.33 ·ai 0.5 1478 184 0498 2.45 0.400 6.77 1.36 4.98 ~ 
0.5 2473 194 0.42 1.91 0.220 24.1 2.30 10.48 ~ 
1.0 503 194 3.11 5.61 0.554 1.04 0.232 4.48 ro '0 
1.0 980 180 1.86 4.29 0.434 2.60 0.452 5.75 0 \ 1-j 
985 '. 188 4.38 0.482 2.16 0.454 4.76 c+ I 1.0 2.11 w 
988 2.16 4.53 0.477 0.456 4.85 ~ ().) 1.0 200 2.21 0 
I 
1.0 988 201 2.19 4.54 0.482 2.17 0.456 4.76 
1.0 1478 194 l. 76 3.78 0.466 3.10 0.682 4.54 1-' 
1.0 1963 221 l. 79 3.58 0.500 3.46 0.905 3.83 '1:1 







aRuns made on precipitator "A 11 with a plate separation of 0.041 centimeter. 21 
0 . 






EXPERIMENTAL DATA AND CORREsPONDING COMPUTED VALUES FOR MAGNESIUM OXIDE PARTICLESa 
(A) (B) (c) (D) (E) b (F) (G) b (H) b (I) 
Observed 'Iheoretical Experimental Theoretical H 
Thermal Aerosol Particle Particle Radius Thermal Thermal Force ::l f-1) 
Pressure Gradient Flow Rate Travel Travel Ratio Force Force Ratio 0 
(Atm) (b c/em) ( CC/Min) (Gm) (em) (D/E) (Dynes x lo-8) (Dynes x lo-8) (G/H) i 
1:-' 
1.0 502 185 2.94 5·57 0.528 Lll 0.232 4.78 f 1.0 488 193 2.98 5.65 0 . 527 1.14 0.225 5.07 1.0 488 195 :?-.78 5.68 q.489 1.32 0 . 225 5-87 Ill 
1.0 495 202 2.96 5.76 0.514 1.2.1 0.228 5-31 I--' 
1.0 488 203 2.97 5.80 0.512 1.21 0.225 5-38 ~ (J) 
1.0 493 216 lo05 5.98 0.510 l. 23 0.227 5.42 
'0 
0 
1.0 722 175 2.31 4.73 0.488 1.68 0.333 5.05 ~ 
I 1.0 1002 184 1.83 4.30 0.426 2.74 0.462 5-93 6' w 1.0 988 190 . 1.85 4.42 0.419 2. 78 0.453 6.14 w . 
1.0 1222 238 1.88 4.58 0.410 3.44 0.563 6.11 f--' 
1466 L86 3-96 0.470 3.06 0 .676 4.53 
... 
1.0 210 
1.0 1470 227 1.96 4.13 0.475 3 .03 0 . 678 4.47 '"d 1-j 





aRuns made on precipitator "BI! with a plate separation of 0.041 centimeter. ~ . 




Informa l Annua l Report No. 1, Project No. B-159 
25 











































/ 0 p..\~) -- ....-o.5 ....- -/ ......... -- p..\~""'y--
v/ ~~ _....- •o.n.-.....~ --- - ::--- o ,o ,..-n.;. -- .... - . --~ !.----' ---- -.- - J!..l~~ ____ ,__ __ __ ... ~ - _ __:...--· l.OOATM~ 
~ 
- . - --- 0.50 ATM '1_ - 0.75 ATM \ - --- _J._ --- ' 
500 1000 1500 
THERMAL GRADIENT (°C/ CM) 
Figure 13 . Theoretical and Experimental Effec t of Pressure on Thermal Force 
as a Function of Therma l Gradi ent. Data ar e for 1.0 micron 
magnes ium oxide particles , pr ecipita tor A; plat e separ ation 
0 . 0711 em. 
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pressure parameters of 0.10, 0. 50, 0.75 and 1.00 atmosphere. The plot is 
based on magnesium oxide data from precipitator 11A11 with a plate separation 
of 0. 071 centimeters (see Table I). Data were collect.ed over a therma:t 
gradient range from 800° to 1400° C per centimeter. An average partic1I1:ate 
size of 1.0 micron was used in making the calculations. A series of 
theoretical curves (solid line) have been included on the graph for com-
parison with the experimental values (broken line) . Because of the limited 
number of experimental points, considerable reliance has been placed on' the 
theoretical consideration that the thermal force is a linear function of 
the thermal gradient and that the thermal force is zero when the thermal 
gradient is zero. It should be noted that for the 0.1 and the 0.75 atmo-
sphere pressure curves only one point on each has been dete rmined. Thus, 
these curves serve merely to substantiate the magnitude of the ratio of-
experimental forces to theoretical forces, and there is some doubt as to 
the accuracy of the aqsolute value of the force determinations at the lower 
pressures. Although less data are available than would be desired for 
conclusive evaluation, a definite disagreement with theoretical results is 
obvious. The approximate value of the ratio of experimental force to 
theoretical force has been evaluated for each pressure. These ratio values 
are 5.1, 6 .9, 8.7, and 5.9, respectivelyj for atmosphe~ic pressures of 0.1, 
0.5, a.75, arrd 1 .0. 
The results given in Table I for the thermal force at one atmosphere 
are adequately supported by the data of two additional s e ries of runs, one, 
given in Table II, using the same precipitator "A'' with a plate separation 
of 0 .041 centimeter and the other, given in Table IIIj using precipitat or 
"B" with a separation of Q.04l centimeter. A comparison of the three series 
of runs is made in Figure 14. It may be seen that the results are in general 
agreement and are consistently higher than accepted theory would predict. 
The experimental -to-theoretical the rmal force ratios range f rom 4. 5 to 6.0. 
While all results are wi thin the obse rved experimental deviati on of 
about 15 per cent, it has been ~bserved that the results given in Table I 
are consistently higher than those in the other two tables. In this connec-
tion, it should b e stated that the average flow rate f or the fi r s t data is 
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and third tabulations are less than 200 cc per minute. While the thermal 
force is theoretically independent of aerosol flow rate, there i s thus some 
indication that this may not be the case. There is not at this time, how-
ever, enough experimental evidence to make a conclusive statement. 
A look at the tabulated data shows that experimental determinations 
cover a variety of aerosol flow rates . In order to make a valid estimate 
of experimental inconsistencies, it has been necessary to adjust the 
observed deposit radii to a standard flow rate. The adjustment procedure 
is as follows: Two theoretical deposit radii corresponding to the observed 
radius are computed, the first based on the experimental flow rate and the 
second based on the standard flow rate. The first theoretical radius is 
subtracted from the second value. The difference is then multiplied brth~ 
ratio of the observed radius to the theoretical radius that corresponds to 
the experimental flow rate. This quantity is then added to the observed 
radius. In this manner all the data in the proximity of a given flow rate 
may be reduced to the same base flow rate. 
Figures 15, 16, and 17 illustrate the consistency of the data for the 
three series of experimental runs. In each of these graphs, the precipi-
tation distance, rd - r
0
, adjusted for constant flow rate, has been plotted 
against the thermal gradient (broken line curves). In each case a solid 
line curve has been constructed also to indicate the corresponding theoret-
ical particle travel. 
Figure 15 presents the results from Table I. This set of data was 
obtained using the precipitator "A" with a plate spacing of 0.071 centi-
meter. Onlr the data which were obtained at flow rates in the vicinitr 
of the base value of 400 cc per minute have been plotted. The experimental 
runs were made at a pressure of approximately one atmosphere. It can be 
seen that all the points lie within an experimental deviation of + 10 per 
cent. Over the limited thermal gradient range, and for the operating 
conditions of these tests, the relationship between precipitation distance 
and thermal gradient i s essentially linear. The ratio of experimental radius 
to theoretical radius is approximately 0 .47. 
Figure 16 presents the results obtained at a pressure of one atmosphere, 
and a precipitator plate separation of 0.041 centimeter on precipitators "A" 
-37-
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Fi gure 15 . Pr ecipitation Dis t ance as a Funct i on of Ther mal Gradient at 1 .0 
Atmosphere Pres sure and an Aerosol FlOvl Rate of 400 cc / min . 
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and "B" (Tables II and III). In both cases the precipitation distance, rd - r-
0
, 
has been adjusted for a flow of 200 cc per minute and plotted against thennal 
gradient. From this illustration, it can be seen that the data of both curves 
lie within an experimental deviation of 15 per cent and for either series the 
data lie within 10 per cent of the mean curve . It can be seen also that the 
relationship between precipitation distance and thermal gradient is not linear; 
instead the rate of change of travel with respect to thermal gradient increases 
as the thermal gradient decreases. The ratio of observed radius to theoretical 
radius also varies. For the results of precipitator "A" this ratio varies 
from ffbout 0.56 for a gradient of 500° C per centimeter to about 0.45 fbr a 
gradient of 2500° C per centimeter. For the res~lts of precipitator "B" the 
ratio decreases from about 0.52 to o.45 over the same range of thermal gradients. 
Figure 17 presents the results obtained at a pressure of 0.5 atmosphere, 
for a plate separation of 0.041 centimeter in precipitator "A. 11 Again the 
base flow rate is 200 cc per minute. The curvature of the plot is similar ta 
that of Figure 4. The experimental deviation is within 15 per cent. The 
experimental radius is again about half the theoretical value. The ratio in 
0 
this case dec+eases from a value of 5.2 at 500 C per centimeter to a value 
0 
of about 2. 5 at 2500 · C per centimeter. It should be noted that the experi-
mental curve in this case is based on limited data with only a single pbint 
above a thermal gradient of 1500° C per centimeter. Thus the low ratio at 
the upper extreme of the thermal gradient scale is not adequately supported. 
A few experimental tests have been made with zinc as the particulate 
material, but there is not enough significance in the data obtained to 
warrant its inclusion in this report. Theoretical estimations of the deposit 
radius for zinc indicate that a complete deposit of the particles in the 
0.5- to 1.5-micron range could not be obtained at a pressure of one atmosphere 
in the experimental precipitator being used. Runs have been attempted at 
one atmosphere and, while the deposition of particles is not complete, most 
of the particulate material has been collected within the 4-centimeter radius 
of the precipitator. The outer periphery of the depos it is not .well defined, 
and precise quantitative measurements of the deposit radius have not yet 
been made. This degree of precipitation is, however, sufficient to indicate 
that the thermal force actually exerted upon the zinc particles is many times 
-41-
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greater than the theoretical . With regard to the particle size effect 
discussed earlier, the anticipated distribution has not been observed. The 
effect has been confirmed somewhat by the appearance of the zinc deposits, 
but rro conclusive statements can be made at this time. 
A major problem area encountered in making experimental measurements 
still has not been completely resolved. The first problem is tha~ of determin-
ing precisely the outer radius of the deposit . Unfortunately, the deposit 
radius is not s'harply defined, even in the case of magnesium oxide. Close 
examinations of the deposits, both with and without the aid of a microscope, 
reveal a central area P.f relatively high density which at some radius, 
dependent upon the operational conditions, fades rather rapidly irrto an area 
of extremely low density. It is the average radius of the band, in which 
deposition shows a marked decrease, that has been taken as the deposit radius. 
Thus the width of the circumferential band contributes the greatest experi-
mental error in the results. Fortunately, this band width decreases as the 
radius of the deposit decre~ses, so that the percentage error thereby intro-
duced is constant. In this connection, it is noted that the overall density 
variation is ill defined. Experimental deviations for deposits of this 
nature are sometimes as high as 15 per cent. A technique f or measuring the 
radii has been developed in which a sharply focused pinpoint of light is 
traversed radially across the glass collecting disc. The reflect ed ligh~ 
brightens quite noticeably when it rencounters the deposit. A micrometer is 
used to control the movement of the light and radial measurements are read 
directly. Measurements made in this way support these made by direct 
observation. For magrtesium oxide this technique works very well, but it is 
not satisfactory for measurements with zinc deposits . The problem in 
measuring the radius of a zinc deposit i s that of defining the radius. As 
was mentioned before, the circumfe rential band is wide and ha zy. I t appears 
that some technique based on relative depos i t dens ity in conjunction with 
partfcle s ize distribution will have to be developed before a high degree of 
precis ion can be a t tained. 
The exact caus e of the circumfe rent i al band is subject t o conjecture. 
While this effect was predicted by theor etical conside rations of the critical 
particulate s ize phenomena dis cuss ed in part A of thi s section, t he pa rticl e 
-42-
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size distribution has not been actually observed. The hazy band might b~ 
explained as the result of a slight variation in thermal gradient or aerosol 
flow rate. The absence of a particle size distribution at the outer periphery 
of the deposit has introduced an additional complication, vis . , that of 
establishing the particle size which corresponds to an observed radius. The 
particles of magnesium oxide generated for these experiments range from 0.5 
to 1.5 microns in diameter. Within the denser area of the deposit discrete 
particulate sizes, if indeed any are present, are obscured by a profusion of 
agglomerates. The agglomerates are large relative to particulate sizes and 
have been observed, even in deposits of very light overall densit~. In the 
circumferential band relatively few agglomerates are observed but individual 
particles of all sizes are found. Even in the very low density area outside 
the obvious deposit periphery, all sizes of particles have been observed. 
There is a conspicuous absence of agglomerates in this region. 
For the purpose of calculating thermal forces, an arbitrary particulate 
diameter of 1.0 micron has therefore been selected. This value is both tJJ.e 
average particulate diameter for the aerosol and the theoretical critical 
size for a pressure of one atmosphere. It has been noted that the size of a 
particulate greatly influences the theoretical radius and likewise, makes a 
considerable difference in the computed experimental thermal force. More 
investigation is needed in this area. 
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VII. CONCLUSIONS 
Experimental results thus far may be summarized as follows: For 
magnesium oxide, the consistency of experimental data is good, deviations 
generally being less than 10 per cent. The thermal force exerted upon 
the particles appears to be about five times greater than would be pre-
dicted from Epstein's theory. For zinc, the limited data available 
indicate a force very much greater than predicted. No quantitative results 
for zinc are available at this time, however. To date, no experimental 
runs have been made using stearic acid particulates. 
-44-
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VIII . FUTURE WORK 
Emphasis will be placed on the immediate continuation of experimental 
investigations with both zinc and stearic acid particulates by use of 
present equipment and techniques. These, along with additional experiments 
on magnesium oxide, will be executed according to an orderly scheme so that 
definite conclusions can be made about the thermal force on particulates of 
these mate rials. Later, two or three other materials will be surveyed to 
provide a comprehensive coverage of particul ate physical properties. 
Concurrent with the collection of experimental datai more effort will 
be directed toward determining the correct particulate size to be used in 
the calculation of experimental r esults . Presently, this size can be esti-
mated but further experimental support is necessary fo r a pr ec i se evalua-
tion of results. Work in this area will constitute one of the more impor-
t .ant aspects of future investi gations. Also, the formulation of relation-
ships and the associated assumptions will be studied and modified to give 
greate r precision in calculations. 
The modified Millikan apparatus is presently operable but improvements 
are needed to ensure reliable data . Efforts with it will be continued in 
order to supplement the the rmal precipitator analyses . It i s anticipated 
also that this experimental apparatus can be used to investi gat e the effect 
of particulate t emperature on the rmal fo r ce phenomena. These s tudies, how-
ever, will be attempted only after a thorough investigation of thermal force 
under normal conditions has b een complet ed . 
Approved: 
.----, " II . . 
WJ{atjt C. Whitley, Chief 
~ca~ciences Division 
- ..J. ~. ..!:loy~ lJJ.rec-cor 
Engineering Experiment Station 
Respectfull y submi tted: 
. -/r v 
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ABSTRACT 
An experimental investigation of thermal precipitation and of gas-
suspended particulate behavior under the influence of a temperature 
gradient was undertaken in an effort to reconcile conflicts reported from 
previous studies, specifically those observed with aerosolized solids of 
high thermal conductivity. An interpretation of results, based on the 
use of an effective particulate thermal conductivity lower than that of 
the solid due to agglomeration, permits the qualitative correlation of 
experimental results with Epstein's theory and provides an explanation 
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DEFINITION OF SYMBOLS 
empirical constant appearing in slip-correction equation. 
cross-sectional an£ of aerosol stream in precipitator, normal to 
direction of flow. 
particulate radius. 
particulate radius evaluated at outer periphery of thermal 
precipitation deposit. 
empirical constant appearing in slip-correction equation. 
empirical constant appearing in slip-correct ion equation. 
proportionality factor in thermal ferce-temperature gradient 
relationship; 
heat capacity at constant pressure. 
characteristic linear dimension in Reynolds number. 
particulate diameter. 
temperature gradient in vertical direction. 
force. 
drag force, resistance of gas to motion of a particle suspended 
t herein. 
F gravitational force . 
g 
thermal force. 
thermal force value defined by EPstein's equation for particulate 
t hermal conductivity equal to that of the gas . 
thermal force defined by EPs tein. 
t he rmal force defined by Waldmann. 
thermal force proportionality factor, a function of both particulate 
and gas thermal conductivity . 
conversion fac tor (gravit a t i onal constant). 
iii 
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DEFINITION OF SYMBOLS (Continued) 
K energy correction factor in parameter of stability in laminar 
radial flow. 
k thermal conductivity of aerosol carrier medium (gas). 
g 



















thermal conductivity of particulate material.: 
dimensionless reduced thermal conductivity defined as the ratio 
of particulate to gas thermal conductivity. 
precipitator plate separation. 
molecular weight of the aerosol carrier medium (gas). 
Prandtl .nUm.ber. 
Reynolds number. 
pressure of the aerosol carrier medium (gas). 
volumetric flow rate of the aerosol. 
universal gas constant. 
radial coordinate or radial distance. 
precipitor inlet radius. 
depasi t radius. 
slip-correction factor. 
absolute temperature of aerosol carrier medium (gas). 
t i me. 
transit time r equi red for particulate to move from precipitator 
inlet to cold plate surface . 
local (or point) fluid velocity . 
average fluid velocity [U = Q/A ]. 
avg x 
maximum fluid veloc ity. 
linear veloc ity . 
i v 
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DEFINITION OF SYMBOLS (Continued) 
V gravitational component of particulate velocity. 
g 
V horizontal component of particulate velocity. 
r 
Vt thermal component of particulate velocity. 
V vertical component of particulate velocity. 
y 
v mean molecular speed of gas molecule. 
X entrance length. 
e 
y vertical coordinate or vertical distance measured from mid-
plane of the precipitation region. 
Z mobility of particulate. 
Z particulate mobility corrected for slip effect . s 
ri temperature gradient of aerosol particle. 
~ viscosity of aerosol carrier medium (gas). 
A mean free path of aerosol medium (gas). 
P density. 
Pp particulate density. 
a stability parameter, a modified Reynol ds number for a 
diverging radial flow system . 
v 
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I. SUMMARY 
Conflicts between experimental and theoretical results relative to 
thermal force phenomena have cast doubt upon the validity of both. For 
this reason a comprehensive experimental investigation was undertaken in 
an effort to reconcile observations with theory. 
Currently accepted theory for systems of low Knudsen number predicts 
a thermal force which decreases with increasing particulate thermal conduc-
tivity. Earlier experimental studies utilizing either thermal precipitation 
or the direct observation of particulate behavior have produced results 
which generally support theory when materials of low thermal conductivity 
have been used. The thermal precipitation of aerosolized solids of high 
thermal conductivity has indicated forces greater than theoretical . Both 
of these distinctly different experimental techniques have been employed 
concurrently in this investigati on. 
The experimental results reported herein were characterized by incon-
sistencies similar to those of previous investigations , i.e., forces 
apparently independent of thermal conductivity and greater than values 
obtained by theoretical estimates. A detailed study of precipitated de-
posits and of the individual particulates provided a basis for the concept 
of an effective particulate thermal conductivity lower than that of the 
solid material due to the agglomeration of primary aerosol particles. 
This observation permits the correlation of experimental observations 
with theory and provides an explanation of inconsistencies in experimental 
data which are believed to be superficial. The principal conclusions result-
ing from this investigation are that agglomerated solid particulate material 
may be thermally precipitated with an effectiveness much greater than woul d 
be predicted by theoretical estimates based on the thermal conductivity of 
the solid alone and that Epstein's theo retical equation is valid f or 
thermal force estimations provided the effective particulate thermal con-
ductivity is used in computations. 
-1-
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II. INTRODUCTION 
There has long been a need for a better understanding of the force 
exerted on gas-suspended particulates in a nonuniform temperature field. 
Although a number of investigators have previously studied this force and 
have suggested mechanisms with which to describe it, experimental results 
have not been in accord with theory in certain cases, particularly with 
regard to the influence of particulate thermal conductivity. Whether this 
is a fault of the theory or of the experiment has not been clearly 
resolved. 
In the past, experimental investigations of thermal force phenomena 
have pursued four avenues of approach, namely, (1) observations of vane 
radiometer effects, (2) studies of the dust-free space surrounding hot 
bodies, (3) analyses of thermal deposits, and (4) the direct observation 
of particulate behavior in gas suspensions under the influence of a 
temperature gradient. The first approach was of considerable value in 
the qualitative confirmation of early theories; but, because of increased 
interest in aerosols, it has recently given way to the latter approaches. 
Jn general, it has been reported that direct observation of particles in 
nonflowing systems tend to support currently accepted theories while 
results of experimental techniques involving dynamic or flowing aerosol 
systems do not. Espec ially notable discrepancies between theoretical and 
experimental results have been reported for the precipitation of materials 
of relatively high thermal conductivity . This suggests that a diminished 
effective thermal conductivity for a particulate in a dynamic system might 
bring the thermal precipitator data into agreement with that of static 
systems which support existing theories . An alternative explanation might 
lie in the hydrodynamics of a particular system. In view of these possi-
bilities, a comprehensive study of thermal precipitator operation has been 
undertaken; the results of which are to be compared with observations of 
particle b ehavior in a nonflowing gas possessing a thermal gradient. The 
objective of the present study has been the reconc iliation of experimental 
results and theoryJ thereby contributing to the elucidation of thermal 
force phenomena . 
- 2-
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III. THEORY OF THERMAL FORCES 
The thermal force may be defined as that force which causes a gas-
suspended particle in a nonisothermal system to move in the direction of 
lower temperature. This thermal or radiometric force originates from the 
interaction of gas molecules with the particle surface, and its mechanism 
is dependent upon the Knudsen number, the ratio of the mean free path 
length of the gas to the particle radius , In the case of high Knudsen 
numbers, i.e., low pressures or very small particles at moderate pressures , 
the force can be considered due to the momentum impul s es of the impi nging 
and departing gas molecules. If one side of the particle is hotter than 
the other, or if there is a temperature gradient within the surrounding 
gas, the resulting inequality in a momentum balance over the two hemi-
spheres of the surface defines the force . An alternate approach to the 
analysis of this thermal force mechanism employs the theory of thermal 
diffusion, in which ve ry small particles are regarded as overs ized gas 
molecules. On the other hand, when the system is characterized by a low 
Knudsen number, i . e ., ~ ·-$:::<; 1.0, the force may be considered due predomi-
a 
nantly to thermal slip streams which flow around the particle. These 
slip streams arise from a t emperature gradient on the surface of the par-
ticle itself. 
A. Historical Review 
The s tudy of thermal forc es dates back to 1870 when Tynda1134 observed 
the existence of a dust-free space around a heated wire suspended in a 
dusty atmosphe re. He assumed that the dust-free r egion was caused by the 
incineration of the dust particles in the vicinity of the heated wire . 
Shortly thereafter, Lord Rayleigh25 disproved Tyndall's theory by showing 
that small temperature differences between the wire and the surrounding 
air are sufficient to establish the dust-free space. Still later, Osborne 
26 
Reynolds suggested that a force was t h e cause of the phenomenon and pro-
ceeded to establish means by which it could be calculated . In 1879, 
21 
Maxwell expanded the theory in studies of stresses developed in nonuni -
18 formly heated gases . In 1910, Knudsen developed an acceptabl e theory 
for thermal (radiometer) repulsion applicabl e to systems of very l ow 
- 3-
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pressure. 
validity. 
Einstein10 was the first to produce an equation of qualitative 
Because of the dual nature of the force mechanism, and of the 
variety of initial assumptions that may be made regarding the temperature 
gradients of the particle and the gas, a large number of thermal or radi-
t . 1,3,10,11, 14, 15, 28, 35 h . d ometer force equa lons ave slnce appeare . 




B. Theory of the High Knudsen Number Mechanism (Waldmann) 
Waldmann's theoretical treatise deals with the case of high Knudsen 
number. His analyses, qualitatively simple but mathematically complex, 
are based on kinetic theory and the principles of thermal diffusion; his 
general thermal force equation is developed by a rigorous computat ion of 
the distribution function of a thermo-conducting gas in accordance with 
4 
the Enskog-Chapman method. He treats the special cases of thermal forces 
in a pure gas and in a flowing diffusing gas mixture. His force approxi-
mation is reported accurate within one per cent . For practica l applicat i on 
in the pure gas suspension the translational constituent of the thermal 
conductivity of the gas must be known exactly--a requirement which is 
difficult to fulfill except for pure monatomic gases . The equation, based 
on the assumptions that the particle does not alter the distribution func -
tion of the gas and that its surface temperature corresponds to the local 
gas temperature, defines a forc e that is independent of the gas pressure 
and the nature of the particle . From equation 3 .1 below, applicable t o 
the case of the small particle in a nonflowing pure·gas, it can b e seen 
that the force is directly proportional to the temperature gradient, the 
square of the particle radius, and is a function of gas properties, includ-
ing the translational constituent of thermal conductivity, molecular weight 




dy (3 .1) 
Equation 3 .1 differs only in the magnitude of the numerical constant from 
* Definitions of symbols are listed on pages iii - v. 
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an equation derived earlier by Einstein.
10 
It should be noted that the theoretical equation implies a tempera-
ture gradient not dependent upon internal heat transfer through the 
partic le itself and the equation is thereby restricted to very small 
aerosol particles and low pressures . Waldmann' s analysis is therefore 
of concern in this investigation only to the extent that it indicates a 
pressure and particle size limit of maximum thermal force for any specific 
system independent of the thermal conductivity of the particulate material . 
C. Theory of the Low Knudsen Number Mechanism (Epstein) 
The mechanism of thermal fo r ce for a system characterized by a low 
Knudsen number is subject to the more complex considerations of thermal 
c reep flow and temperature distribution on the particle surface. Epstein
11 
has made~a very thorough hydrodynamic analysis of this mechanism . He has 
assumed a temperature gradient on the particle surface r e lated by thermal 
transport to that of the gas and thereby has introduced into his force 
equation the thermal conductivities of both the particle and the gas . 
Epstein's e quation shows a thermal force direc tly proportional to the par-
ticle radius, gas temperature gradient, and gas viscosity; inversely pro-
portional to the molecular weight and p ressure of the gas; and markedly 
dependent upon the relat ive values of the t hermal conductivities involved. 





dy (3 . 2) 
Since this is the equation which has been selected as t he theoretica l stand-
ard fo r comparison with regard to the influence of particulate thermal con-
ductivity, a review of the fundamental a ssumptions in its derivation is in 
order . The system has been defined as a spherica l particle suspended in a 
motionless homogeneous gas . It has been stipulated that the radius of the 
particle is large relative to the mean free path length of the gas molecules 
so that the fluid may be r egarded as a con t inuum. By assuming no convec-
tion, i . e . , the temperature gradient increasing upward, and by neglecting 
-5-
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thermal radiation from the particle, the temperature gradient, r., of the 
. l 
particle may be related to tllat which exists within the gas, dT/dy, in t he 
following manner : 
dT 
dy (3.3) 
This term, Jk / (2k + k ), may be regarded as a coefficient which adjusts 
g g p 
the magnitude of the thermal force according to the relative internal and 
external heat transfer characteristics. The practical applicability of 
Epstein's equation hence depends upon the validity of the mathematical 
model and demands a precise knowledge of the thermal conductivity of t h e 
particle. 
D. Thermal Force in the Knudsen Number Region Near Unity 
Each of the previously discussed mechanisms was sel ected for mathemat-
ical convenience as the most realistic analytical model for the region 
conc erned. In the intermediate Knuds en number region ( i . e . , near unity) 
neither alone adequately describes the phenomena of thermal force . Phys -
ically, ther e is no distinct limit to the applicabil i ty of ei ther mechanism, 
but rather a smooth transition between the two, in a sense analogous to 
the mechanisms of the drag f or ce (i.e., the resistance to the movement of a 
particle suspended in a fluid). It can be seen by comparison of thermal 
force and drag force equations (3 .1 and 3. 2 with 3 . 4 and 3 .5, respect i vely) 
that the two forces are dependent upon particle radius functions of the 
same order in both the high and low Knudsen number region. 
Drag Force: 
2 
High Knudsen number : Fd ~ (3 . 4) = B 
Low Knudsen numbe r: Fd =: 6rc T)Va (3 ' 5 ) 
The transition from equation 3 . 5 to equation 3 . 4 may be accomplished by 
the inclusion of a slip corr ection19 to give equation 3 .6, which accu-
rately desc ribes the drag forc e in the region of Knudsen numbers near 
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unity. 
(3 .6 ) 
-C~] Be 'A. 
When the Knudsen number, 'A.>> 1, equation 3.6 reduces essentially to equa-
a 
tion 3.4. 
The transition of thermal force equations in the intermediate region 
is not so easily accomplished. The inclusion of a simple correction fac-
tor for slip effect is insufficient because of the complexity of the 
development of an internal temperature distribut ion and thermal equilibrium 
between the gas and the particle which is a basis for the mechanism de-
scribed by Epstein's equation. A composite correction factor with compo-
nents which provide separately for viscous slip effects and particulate 
temperature development might correlate the two analytical concepts; such 
a factor has not yet been developed. 
It is convenient to consider thermal force in the domain of t ransit ion 
Knudsen numbers as an interplay of the individual mechanisms, with the 
contribution from each diminished to some extent. Hettner15 has developed 
a composite equation after this fashion to describe the related phenomenon 
of photophoresis (discussed below). The expression, being a critical 
function of the Knudsen number, reduces to an appropriate equation at 
either extreme. The term in Hett ner's equation which becomes more signifi-
cant in the high Knudsen number region is directly proportional t o pres-
sure, in accordance with the observations and theories of several investi-
gators, inc luding Rubinowicz.
28 
This pressure infl uence in phot ophoresis 
is basically different from the pressure independence of thermal fo rce 
defined by Waldmann. 35 The physical validit y of the pressure eff ect upon 
thermal forc e has been critically examined by Schmitt, 32 who accepts 
Waldmann's theoretical conclusion but states that pressure independence 
is t o be expected only when the mean free pat h of t he gas i s so grea t 
that the mol ecules in proximit y t o the pa rticle do not interfere with each 
other. When the population of molecules becomes suffic iently dens e , the 
distribution func t i on of the gas is changed in such a manner as to 
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decrease the thermal force. Thus) one must anticipate a force essentially 
constant for large values of .?;:. but always increasing with decreasing pres-a) 
sure. An equation suitable for all Knudsen numbers should reduce to 
Waldmann's equation for.?;:.>> 1) to Epstein's equation 
a 
to Schmitt) be a rapidly changing inverse function of 
sition region. 
E. Photophoresis 
f.. - << 1 and, according 
a 
pre8S..U'e i n the tran-
Closely related to the thermal force mechanism is the phenomenon of 
photophoresis) which is the name applied to the motion of particles in 
the direction of a light beam penetrating the suspension medium. The causi-
tive transport mechanism is identical to that of thermal force. In photo-
phoresis, however) the temperature distribution on the particle surface is 
the result of unidirectional thermal irradiation. Due to refraction in a 
transparent particle) it is possible for the side opposite the light source 
to be subjected to irradiation more intense than that i mpinging upon the 
front surface. It has been observed that photophoretic migration may be 
either positive or negative) i.e.) directed toward o r away from the radia-
tion source) depending upon the orientation of the temperatur e gradient . 
Hence more properties of the system) including the radiation-focusing 
properties of the particle) are involved in photophoresis; and its analysis 
is proportionally more complex. This investigation is not directly con-
cerned with photophoresis) however. 
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IV. EXPERIMENTAL OBSERVATIONS OF OTHER INVESTIGATORS 
Experimental observations independent of this investigation are re-
viewed briefly herein to establish (1) the validity of theoretical analyses 
and (2) the quantitative inconsistencies which have been reported. With 
this purpose in mind, the r eview is restricted primarily to the investiga-
tions of particulate behavior, omitting much of the earlier wo r k on vane 
radiometers . 
A. Observations on the Dust-Free Spac e Phenomena 
Prior to 1945 thermal force studies had dealt with clouds of particles. 
With regard t o the influence of particulate thermal conductivity, the onl y 
expe rimental contri bution wa s made by Watson36 in hi s study of the dust-f ree 
space surrounding hot bodies. He observed that the nature of the particu-
late cloud did not affect the thickness of the dust-free space, reporting 
a variation in its width of l ess than 3 per c ent (within his experimental 
e r ror) f or aerosols of dif f e r ent substances such as magnesium oxide , fl int 
dust, carbon black, tobacco smoke and sulfur "smoke ." His obse rva t ions sug-
gest a thermal force independent of part i cul ate thermal conductivity, at 
least for the range investigated. The suggested i ndependence is c onj ectural 
howeve r and will b e discuss ed l at er. Ze rnik, 37 in a theoretical anal ysi s 
of the dust- f r ee space phenomena, de rived an equation for computing the 
width of the dust-free space. By assuming a zero conductivity f or the par-
ticul ate material, he obtained a magnitude supported by the data of Watson. 
B. Direct Observati on of Particulate Behavior by Rosenblatt and LaMer 
In 1945, Rosenblatt and LaMe r27 introduced a new technique into the study 
of the rma l f or ces by using an a daptation of t he Mill i kan oil d rop exper i -
ment to observe di r ect l y t he behavior of a pa r t i cle i n a t h ermal field. 
By mea sur ing the diffe r enc e in the vel oc i t i es of a free-falling pa rticle 
and of the same particle under an imposed temperature gradi ent , the ther-
mal f orce was deduc ed. Experimental r esults cove ring a Knudsen number 
r ange f r om 0.04 to 1 . 5 have been report ed i n t erms of thermal velocity 
dependence upon t empe rature gradient, gas pressure , and particle ra dius . 
The conclusions may be summa rized a s f ollows. The thermal veloc ity and, . 
hence the f or ce, wer e f ound di rec t l y p r oportional t o t h e t empera t ure 
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gradient. Both the thermal velocity and force were approximately inversely 
proportional to pressure for Knudsen numbers l ess than 0 .5. The thermal 
velocity for constant pressure increased with decreasing particle radius 
A. to a maximum for~- ~ 1.5 and thereafter decreased. The direct proportion-
a 
ality of thermal force to particle radius was confirmed indirectly for 
Knudsen numbers less than 0.5 by the experimental observation of a linear 
relationship between particle size and the thermal velocity divided by the 
slip factor. The fundamental properties of Epstein's equation were there-
foresubstantiated. Experimental and theoretical force magnitudes were 
reported different by a factor of two, which the authors considered satis-
factory agreement in view of the uncertainty in the thermal conductivity 
of the tricresyl phosphate droplets (estimated from an empirical equation 
to be 4.8 x 10-4 cal/cm sec °K) and the approximations in theoretical 
derivations. 
c. Di rect Observation of Particulate Behavior by Saxton and Ranz 
The available data on t hermal forces were extended in 1952 by Saxton 
29 and Ranz, who also employed an adaptation of the Millikan experiment with 
the specific objective of investigating the effect of particle size, tem-
perature gradient and aerosol material. These experiments, conducted with 
castor oil and paraffin oil droplets (thermal condu ~tivities of 4. 3 x 10- 4 
and 2 . 95 x 10-
4 
cal/cm sec °K, r espectively) at atmospheric pressure, 
were characterized by Knudsen numbers ranging f r om 0 . 0615 to 0 . 277 . Their 
results, in agreement with those of Rosenblatt and LaMer, 27 indicated a 
thermal force directly proportional to both temperature gradient and 
particle radius. In addition, the force was found to be an i nverse func-
tion of the thermal conductivity of the aerosol material. The agreement 
between experimental data and Epstein 's theory was sat i sfactory, with 
average deviations within a probable experimental err or of 20 per cent . 
D. Investigation of. Thermal Precipi tat i on by Schadt and Cadle 
In 1956 Schadt and Cadle30 conducted an experimental investigation 
of thermal precipitation, using particul ate material s of widely varying 
thermal conductivity. The i nvest i gation was prompted by the conspicuous 
absenc e of published reports that confirmed the diff iculty of collecti ng 
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aerosol particles having high thermal conductivity as suggested by Epstein's 
equation. The experimental results, based on measurements of the precipi-
tated deposit, essentially confirmed the theoretical effect of particle 
size and temperature gradient on thermal forces. Also, a decrease in thermal 
force associated with higher particulate thermal conductivity was observed 
in accordance with theoretical concepts. However, the apparent magnitude of 
the forces on sodium chloride and iron particles were reported on the aver-
a~30 to 40 times the value predicted for their conductivities of 1.55 x 10 2 
and 0.16 cal/cm sec °K, respectively. On the other hand, quantitative agree-
ment between experimental results and Epstein's theoretical value was re-
ported for stearic acid, which has a very low thermal conductivity Q.O x 10-
4 
cal/cm sec °K). The average apparent magnitude of the thermal forces in 
this case ranged from 76 to 96 per cent of the theoretical value, depending 
upon the particle size, with closest agreement being reported for the 
smallest particles (radius= 0.3 micron). Maximum deviations from the aver-
age experimental data were sometimes as high as 90 per cent. Precipitation 
was effected at atmospheric pressure in all cases, and the characteristic 
Knudsen number ranges were 0.026 to 0.435, 0.326 to 0.653 and 0.131 for the 
stearic acid, sodium chloride and iron aerosols, respectively. 
E. Direct Observation of Particulate Behavior by Schmitt 
An expe rimental investigation by K. Schmitt,32 specifically oriented 
toward the confirmation of Waldmann's theory (equation 3.1), produced 
excellent quantitative agreement (5 per cent deviation) between experi-
mental and theoretical results for small particles in a static pure mon-
atomic gas. However, experimental force magnitudes for particles in 
pure polyatomic gases were found less than Waldmann's theoretical values 
by as much as 20 per cent--a discrepancy attributed to inaccurate approxi-
mations of the translational constituent of thermal conductivity. Schmitt 
was particularly conc e rned with force and velocity dependence upon the 
gas pressure, the partic le radius, and the nature of bot h t he particle and 
the gas. He concurs with Waldmann's theoretical concept of a pressure 
independent thermal force in the high Knuds en number region and, in fact, 
shows exper iment ally tha t t he forc e appr oaches a cons tant val ue wi th 
dec r easing pres sure when~ > 2 .0. Schmitt further presents a hypothesis a 
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based on alteration of the distriht;.tion function explaining an observed 
exponential decrease in thermal force as the pressure i nc reases into 
the transition region. The linear dependence of thermal force on surface 
area, i.e., a2, also has been supported by his experimental observations 
over a relatively narrow particle size range. Furthermore, he has con-
cluded from observations in the high Knudsen number region that this 
thermal force is, in fac t, independent of t he thermal conductivity and 
the accommodation of the particle; while the thermal veloc ity, as theorized, 
is dependent upon both the accommodation coefficient and pressure. 
Schmitt's investigation was extended t o include the domain of mean 
free path lengths small relative to particle radius, supplementary to his 
study of the high Knudsen nurriber region. :Experimental results in t his 
case tended to support the theory of Epstein. That is, the data indicated 
the proper qualitative relationships between tnermal force, t he associated 
thermal velocity, and the variables of pressure, particle radius, and 
particulate thermal conductivity. The quantitative agreement of experi-
mental and theoretical values was generally not so close as in t he case of 
high' Knudsen numbers. Schmitt's experimental velocities for a given mate-
rial suspended in a number of gases exhibited deviat ions from theoretical 
velocities, sometimes positive and sometimes negative, by as much as 
45 per cent. In the case of an oil droplet suspended in argon however, 
his experimental thermal velocity was only 3 per cent below the theoretical 
value. Thermal velocity data for four different materials in argon, whil e 
qualitatively consistent with theory, indicated an extreme velocity varia-
tion due to particulate thermal conductivity about 30 per c ent l ess than 
would be expected from quantitative application of Epstei n 's equation. 
The data accumulated by Schmitt also defined the transition region 
of the thermal force mechanism, at least for the aerosol s investigated. 
The experimental relationships between thermal force, velocity, pressure, 
and particle radius indicate that the transition 
A 0.05 < - < 0.2, 
a 
but that the fo rce in the region 
occurs within t he range 
of~> 0 . 2 is still some-
a 
what diminished by the altered distribution funct i on and 'becomes essentially 
A. constant only for - > 3 .0. a Furthermore, i t appears that t he inf luence of 
particulate thermal conductivity decreases as A. i ncreases beyond 0.12 . 
a 
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F. Review of Independent Experimental Observations 
In retrospect, all d,ata obtained by direct observation utilizing a 
Millikan- type thermal cell, including that of Schmitt, Rosenblatt and 
LaMer, and Saxton and Ranz y pertain to a static (nonflowing) aerosol sys-
tem and are limited to some extent by the following considerations : (1) 
Particle behavior was observed unde r conditions of a relatively low te~­
perature gradient (~ < 150°C/cm) where the thermal component of velocity 
is small compared to the gravitational component . (2) A narrow range of 
relatively low thermal conductivities was studied. The observations of 
Schadt and Cadle, on the other hand, pertain to a dynamic (flowing aero-
sol) system with relatively high temperature gradients (1600° to 9800°K/cm) . 
Also, only Schadt and Cadle have investigated the force on materials out-
-4 6 -4 side the limited thermal conductivity range from 2.9 x 10 to . 0 x 10 
cal/ em sec °K . 
. Schmitt alone has dealt extensively with the high Knudsen nurriller 
mechanism; however, his results provide substantial evidence of the valid-
ity of Waldmann's equation . As far as the low Knudsen reg:i.on is concerned, 
there is consistent confirmation of Epstein 's theory in respect t o the 
effect of temperature gradient, particle radius, and gas pressure except 
insofar as Rosenblatt and LaMer have reported a maximum in the thermal 
velocity versus particle radius curve for low pressures. With regard t o 
the inf luence of particulate thermal conduc tivity} most inves t igators, . 
with the not abl e except ion of Watson, have obtainded da ta which provide 
qualitative support of the relationship proposed by Epstei n. Furthermo re, 
in the ca se of particulates of very l ow thermal conductivityJ agr eement 
between experiment and theory is quantitatively satisfa ct ory. The gr eates t 
inconsistency appea r s i n the thermal precipitation of sodium chloride and 
iron where the experiment a l fo r ces s eem t o be many times greater t han 
theoretical values. In evaluating this observat i on s everal fac ts should 
be kept i n mind : (1) The system involved a flowing aer os ol i n which hydro-
dynamic considerations complicate t he resolution of t he rmal forces ; (2) 
these were the only t h ermal fo r ce data r eported for mat erials of h i gh 
thermal conductivity; (3) the Knudsen numbers for these fo r ces are charac -
t eristic of a r egion in which thermal conductivity influence may not be 
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fully developed, if Schmitt's observation may be extrapolated to this 
extentj and (4) the particulate material was a solid . 
Yne considerations previously discussed give rise t o speculation con-
cerning the apparent inconsistency between theory and experiment. Does 
Epstein's relationship fail in the case of aerosols of h i gh parti culate 
thermal conductivity, or have superficial factors, such as inaccurate hydro-
dynamic or heat transfer assumptions, in the analytical interpret ation of 
data led to err oneous thermal f orce values? With this quest ion i n mi nd, 
this investigation of thermal f o rces was undertaken utilizing t he experi -
mental techniques of both direct particle obs e rvation and analys i s of 
thermal precipitation. Conclusions were then to be based on comparison 
of the results obtained in each case f or several aerosolized mat er ials of 
widely varying physical properties. 
-14-
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V. EXPERIMENTAL METHODS AND EQUIPMENT 
A. General Approach 
The general experimental approach is easily visualized. An aerosol 
is generated and subjected to a thermal field. The resulting thermal force 
causes migration of the suspended material. In the direct observation 
experiment the velocity of particulate migration is measured and the magni-
tude of the force deduced . In thermal precipitation the particulate 
material is deposited upon a cold surface. From measurements of the radius 
of the deposit, the velocity component in the direction of the temperature 
gradient is computed and the force is subsequently evaluated. 
While the approach in either case iB similar, there are distinct limi-
tations on each which make difficult a direct comparison of results. These 
limitations can be more clearly defined after the details of the equipment 
and procedures have been discussed. 
B. Direct Observation of Particulate Behavior (Modified Millikan Experiment) 
For the direct observation of particulate behavior the adaptation of 
the Millikan method was used. This method employs an electrostatic field 
for the manipulation of a charged particle. The particle is observed through 
the t echnique of dark f i eld illumination. The adaptation provides for the 
establishment of a temperature gradient in the gas surrounding the particle 
through controlled heating and cooling of the electrodes. 
1. Modified Millikan Apparatus 
The modified Millikan apparatus is shown in Figure 1. The essen-· 
tial elements of the device which provide for optical viewing and electro-
static field control are schematically illustrated in Figure 2 . The central 
cell in this apparatus was specially designed for thermal force determina-.. 
tions a s shown in Figure 3. Two cylindrical brass electrodes, one inch in 
diameter, we re positioned concentrically, one above the other, with a 
separation of 0 . 075 em. The upper electrode contained a resistance coil 
for electrical heating, and the lower one was equipped for cooling with 
an inte rnal water jet . A small centering electrode was installed in the 
surfa c e of the lower principal el ectrode to prevent the los s of the particle 






Figure 1 . Modified Mill ikan Appa r atus . This device , designed for t he di r ect ob ser vat i on of 
suspended par t icula t es, has been adapted f or t he rma l f orce s tudies by t he ins t all ati on 




































Figure 2 . Es sential Elements of Modified Millikan Device. Shown above is a schematic diagram 
of the optical system providing dark field illumination of suspended particulates . 







a- UPPER ELECTRODE 
b-LOWER ELECTRODE 
c-HEATER 
d - BAKELITE INSULATION 
COLD WATER INLET 
Figure 3. Detail of Central Cell of Modified I~llikan Apparatus . This 
thermal cell, contai ning electrodes and temperature control 
elements, was installed in the objective section of a conventional 
Millikan apparatus . 
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were inserted near the inner surfaces of both electrodes for temperature 
measurement. The electrodes were encased in Bakelite shells and the unit 
was rigidly mounted in a brass case. The complete assembly was suspended 
in the main chamber of the Millikan apparatus. A water bath was provided 
for shielding the main chamber from ambient room temperature changes. 
2. Experimental Procedure 
Charged aerosol particles to be studied in this apparatus were 
introduced into the central cell in very dilute concentration. A single 
particle was snared in the electrostatic field and suspended between the 
principal electrodes . In this position the particle, observed through 
the optical system, could be raised or lowered by a l tering the electri-
cal field strength. The effective diameter of the suspended particle was 
determined from repeated measurements of its terminal velocity under the 
influence of gravity in the absence of a temperature gradient . Thi s wa~ 
accomplished by turning off the current to the electrodes and timing the 
vertical descent of the particle between the calibrated cross - hairs of 
the micrometer eyepiece. In this manner particulate b ehavior could be 
dEerved as many times as desired by reapplying the electrical field to 
reposition the particle and to avoid its contact with the electrode sur-
face. Afte r the diameter of the particl e had been determined, a thermal 
field was established and another series of velocity measurements was ob-
tained . From this second series of measurements the thermal velocity com-
ponent was resolved. 
Under usual operating conditions, the upper electrode was grounded 
and the lower principal electrode voltage was adjusted to provide a po-
t ential differenc e in the range from 0 to 300 volts as required f or 
particle suspension. The small centering electrode was maintained within 
+ 5 volts of the lowe r electrode potential . Temperature diffe rences be-
o tween hot and cold surfaces ranged up to 7 C. A series of eight t o ten 
measurements were ample for particle size dete rmination and as many measure-
ments as possible were obtained under the influence of the thermal field. 
The optical system had a r elatively short depth of f ield and the s eries of 
thermal velocity data was usually terminated af ter four or fiv e measurements 
by the particle's escape from the zone in focus due to the excessive 
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lateral drift which occurred in the nonisothermal system. 
c. Thermal Precipitation 
For thermal p r ecipitation studies, a number of precipitator designs 
are available, including models of various geometric configurations with 
heating e lements consisting of wires, ribbons, or plates. Regardless of 
the design, the operating p r inciple is the same in all cases. A thermal 
field, i.e., a temperature gradient in the gas 1 is established by f l ow-
ing an aerosol between surfaces of different temperatures. Thermal forces 
cause the gas -suspended particles t o move toward, and ultimately to pre-
cipitate upon, the cooler surface. 
1. Radial Flow Thermal Precipitator (Model I) 
The the rmal precipitator initially selected for the experimental 
phase of this investigation (Model I shown in Figure 4) was a radial f low 
type consisting essentially of two horizontal circular plates c onc entri-
cally mounted in such a way that the separation be tween plates could be 
varied by the insertion of shims. General construc t ion details are pre-
sented in Figure 5. The uppermost plate was el ectrically heated. The 
lower plate, recessed to accommodate a removable glass collecting disk, 
was water cool ed . The hot plate t emperature was controlled by a variable 
transformer and was continuously monitored wit h an assembly consisting of 
a thermocouple, an automatic potent iometer, and an ammeter . The cold 
plate t emperat u r e was r egulated by cooling water . 
2 . Precipitator Operation and Experimental Procedure 
In operation, an aerosol was introduced through an inlet in the 
center of the hot plate; it flowed radially between the hot and cold sur-
facesj the particulate matter was precipitated upon the cold plate (glass 
disk); and the gas was subsequently exhausted from the system. Typical 
particulate pat hs are shown in the schematic diagram of Figure 6. 
The precipi t ator was prepared for operation by inserting a clean 
glass collecting-plate moistened on both sides with Kel - F 3 (fluorocarbon 
oil, M. W. Kellog Company) to insure adequate thermal contact and reten-
tion of impinged particles. The temperatures of the hot and cold plates 
were set f or the desired t hermal gradient, and the syst em was a l l owed to 




























Figure 4. Radial Fl ow The rmal Precipitat or (Mode l I). 
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Figure 5. Thermal Precipitator Detail (Model I). 
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Figur e 6. Schematic Diagram of Thermal Precipitator Showing Typical 
Parti culate Paths. 
- 23-
Final Report, Project No. B-159 
following procedure was employed. An aerosol of the test material was 
generated and metered through the precipitator at a constant flow rate. 
The particulate material was deposited, and the collecting disk was sub-
se~uently removed for analysis. Figure 7 is a photograph of the glass 
collecting- disk showing a typical deposit. Experimental results, i.e . , 
thermal velocities and forces, were then computed from the maximum deposit 
width . This width, measured radially from the point of particulate entry 
to the point of precipitation, is established by those particulates 
traveling the greatest distance . 
] . Radial Flow Thermal Precipitator (Model II) 
As can be seen in Figure 6, particulates t r aveling the maximum 
distance must have entered the precipitation zone nearest the heated sur-
face at the outer radius of the inlet. Particulates entering at other 
points are precipitated at shorter radii. This means that only the outer 
extremity of the deposit has significance . Also, it is evident that the 
temperature gradient does not begin abruptly at the point of entry between 
precipitator plates; rather, the entire inlet tube becomes heated and, due 
to the dust - free space effect, particulates are limited in their approach 
to the heated surface . Thus there is reason to suspect that those ob-
served at the outer periphery of the deposit may have entered the region 
between precipitator plates at some point below the hot plate . To avoid 
this uncertainty, and further, to utilize deposit measurements obtained 
at radial distances other than that of the outer periphery, another radial 
flow precipitator, Model II, shown partially disassembled in Figure 8, was 
designed to restric t the variation in entrance conditions. 
Figure 9 is a cross - sectional view of the modified precipitator, which 
is similar to Model I except that the inlet stream is composed of two parts . 
One portion of the stream containing particulates enters around the side of 
the inlet valve and emerges into the precipitation zone between the valve 
lip and the hot plate . A second phase of particle-free gas enters the pre-
cipitation zone from within the valve stem. This stream prevents the devel -
opment of turbulence at the valve lip . By adjusting the micrometer, the 
valve lip is brought near the hot plate surface, forcing all particulat es 
to ente r the precipitation zone essentially at t he same l evel. Experiments 
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Figure 7· Collecting Plate from a Thermal Precipi t ator Showing Particl e 
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Figure 9 · Modified Thermal Precipit ator Detail (Model II) . 
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showed that it was possible to limit the particle entrance to 0 .005 em 
from the upper surface. Other than for the adjustment of the inlet stream, 
operation of Model II thermal precipitator is identical to that of Model I. 
4. Linear Flow Thermal Precipitator (Model III) 
As will be shown in the next section, the computations of thermal 
velocity and force from precipitation data involve a number of simplifying 
assumptions due to the complexity of a precise mathematical analysis of 
the fluid flow and heat transfer in the radial flow system . In an effort 
to facilitate the mathematical analysis, a rectilinear flow thermal pre-
cipitator, Model III, was designed and constructed . A schematic diagram 
of this unit is shown in Figure 10 . However, the deposits obtained with 
this precipi tator were not amenable t o precise physical analysis, and the 
data obtained with it were of little additional value. 
D. Auxiliary Equipment 
In addition to the principal experimental devices desc ribed above, 
auxiliary equipment was needed fo r the generation of aerosols and for the 
control of aerosol flow rates. Four techniques were utilized in the gene-
ration of aerosols . Magnesium oxide aerosols were prepared by burning 
magnesium in air or oxygen . Powdered mate r ials , including aluminum oxide, 
zinc, aluminum, iron, and graphite were atomized with compressed air using 
a Holmspray Powder Atomizer No. 520-1. Sodium chloride aerosols were formed 
by the evaporation of finely dispersed solution droplets generated with a 
DeVilbis Nebul i zer No. 180 . Finally, aerosols of v ery finely divided 
materials, including platinum, silver, sodium chloride, and the oxides of 
magnesium, aluminum, iron and bismuth were produced by an exploding wire 
t echnique. 
The exploding wire device, constructed for use in another investiga-
tion, made possibl e the generation of metallic aerosols by vaporizing 
electro-conducting materials and condensing the product. A sudden release 
of electrical energy provides the heat of vaporization , and, also, the explo-
sive force which disperses the particulate material. The essential ele-
ments of this aerosol generator are a high voltage power supply, a capaci-
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an almost instantaneous discharge of 1600 joules (32 microfarads at 10,000 
volts) of electrical energy into the material to be aerosolized. The 
dispersion of most metals in air usually yields an aerosol of metallic 
oxides. If the noble metals are exploded in air, or if more reactive 
materials are vaporized in an inert atmosphere, the aerosol product con-
sists essentially of very small spherical metallic particles. The par-
ticle size distribution resulting from such a detonation is somewhat 
dependent upon the energy of the electrical discharge and the physical 
properties, including the size and shape, of the exploded element. 
Preliminary investigations showed clearly that precipitator deposit 
dimensions were particularly sensitive to aerosol flow rates and that 
these rates were difficult to control and measure under the conditions 
encountered . A positive displacement mechanism utilizing calibrated reser-
voirs and a flowing fluid was developed to insure constant aerosol flow 
and precise measurement. This aerosol flow system made it possible to 
maintain control at very low flow rates needed for reliable experimental 
results. 
E. Measurement of Deposit Radii 
The evaluation of the deposit radii in thermal precipitation studies 
where the deposits were dense and sharply defined was accomplished by 
direct visual observation. The glass collecting...:disk, after having been 
removed from the precipitator, was placed on a rectilinear graph paper 
grid having one-millimeter divisions. The deposit was oriented with its 
center at the grid origin, and a series of eight radial measurements of 
the periphery of the deposit were made at 45° increments under JOx magni-
fication. The average of these individual measurements was then recorded 
as the deposit radius. The peripheries of less dense deposits were not 
so easily detected, however, and radial measurements were difficult to 
make with precision. An alternate technique, which employed a traversing 
mechanism and a sharply focused pinpoint of light, was developed. The 
pinpoint of light, in traversing the surface of the glass collecting-disk, 
brightened noticeably when it encounte r ed even a faint deposit. Radial 
measurements therefore could be read directly from the vernier scale of 
the calibrated traversing mechanism. For more accurate work, examinations 
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were made using an optical microscope at magnifications up to 800x and 
measurements were obtained with a micrometer attachment. In obtaining 
average radial distances under the microscope, a series of four diametric 
measurements were recorded at two or more magnifications, 
F. Particle Size Determination (in Precipitated Deposits) 
The particle size was generally determined by optical microscope 
examination of the precipitated deposits. In the later stages of the 
investigation, it became apparent that these evaluations were sometimes 
misleading, and electron micrographs were then made for detailed study 
of precipitated particulate materials. 
All of the above-mentioned measurements, in conjunction with the 
data recorded on precipitator operating conditions, were used to compute 
experimental values for the particulate velocities and thermal forces. 
G. Limitations of Experimental Methods 
The general limitations of the two experimental methods may now be 
examined in the light of equipment and procedures. First, in both tech-
niques , the element of higher temperature must be uppermost to avoid con-
vection effects in the aerosol. This requirement means that the thermal 
forces must be directed toward the lower surface and the particulate 
veloc ity is therefore t he sum of both thermal and gravitational compo-
nents. For rel iable thermal force eval uations, the thermal velocity 
component must be suff i cient ly large relative to the gravitational 
velocity component to overcome experimental errors. By application of 
Epstein's thermal force theory and Stoke's law, the relative magnitudes 
of the thermal and gravitational velocity co~or.entt have been eval uated 
as a function of temperature gradient and particulate thermal conduc -
tivity for a hypothetical particle of one micron di ameter and unit density. 
If the thermal velocity component shoul d be as much as 20 per cent of 
the gravitational component for significant experimental observations, t hen 
reliable data should be obtainable only for parti cles of t hermal conduc -
t ivity less than about 4 x 10-3 cal/cm sec °K for a temperature of 50°C/ cm, 
which i s the usual gradient for Millikan type observat ions . Since the 
density of most particulate materials is greater t han uni t y, the l imiting 
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thermal conductivity value is actuall y somewhat less than that given above. 
On the other hand, decreasing the particle diameter to 0.5 micron raises 
- 2 I o this conductivity limit to about 1.5 x 10 cal em sec K and by so doing 
there is introduced the possibility mentioned above that hydrodynamic and 
thermal equilibrium considerations of the system on which Epstein's equa-
tion is based may not apply. 
Since the thermal velocity component is directly proportional to tem-
perature gradient, and much higher temperature gradients are permissible in 
precipitators, thermal precipitation is more readily adaptable to the study 
of thermal forces for aerosols of higher particul ate conductivity, In this 
case, the geometry and operating conditions of the device as well as the 
properties of the particulate material determine the limiting particulate 
velocity. For a temperature gradient of l 500°C/cm in the precipitators 
used in this investigation, it can be shown that significant results can be 
expected only for materials of conductivity lower t han 0.01 cal/cm sec °K 
if the particle diameter is as large as 1.0 micron. Theoretically, this 
investigation is therefore still limited to materials of relatively low 
thermal conductivity. On the other hand, if thermal forces are as much as 
4o times greater than Epstein's equat ion predicts (as was suggested by 
Schadt and Cadle31, the investigation could be extended to particulate mate-
rials of high conductivity, perhaps including even copper a nd s i l ver. 
The idea of making a direct comparison of t he data of both experi-
mental approaches is appeal ing but such a compari son can be made only in 
terms of forces observed per unit temperature gradient. This also stems 
from the physical limitations of the experi mental equipment . Precise 
velocity measurements in the Mill ikan-type thermal cell can be made only 
for r elatively low velocities which , for mos t parti culates (i.e., rel a-
tively low thermal conductivites), restricts the temperature gradient to 
the order of magnitude of l00°C/cm or l ess. On t he other hand, compl ete 
deposition of particulate ma ter ial in a precipitator of pract i cal dimen-
sions requires tempe rature gradients at least on the order of several 
hundred degrees per centimeter. I t is therefo re not practicable to ob-
tain data f rom the two studies in the same range of temperature gr adients . 
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VI. CALCULATION OF EXPERIMENTAL THERMAL VELOCITY AND FORCE 
Thermal force phenome;na in thermal precipitation are deduced from 
the path which a particle describes in moving through the precipitation 
zone. As a particle falls under the influence of both gravitational and 
thermal forces, it is moved horizontally by the ambient airstream. Hence 
the particulate path is a function of both vertical precipitating forces 
and the radial movement of the air in which the particle is suspended. 
By joint application of Stoke's law and the principles of laminar fluid 
flow, the particulate behavior and the motivating forces can be resolved. 
This treatment is presented in the following derivations. 
A. Calculation of Particulate Velocity 
Aerosol flow through a thermal precipitator must be laminar for the 
analysis of results. If the parabolic velocity profile for laminar flow 
between parallel plates is assumed not to be significantly altered by 
the temperature gradient, the relationship between the point velocity, 
U, and the maximum velocity; Umax-' of the flowing fluid may be expressed 
in the nomenclature of Figure ll by 
U " Umax [ 1 - ( ~2) i] (6.1) 
For the parabolic velocity profile, the maximum velocity and the average 





Direct substitution of U in equation 6 . 1 yields max 
u l [ 2 Uavg 1 
























AXIS, r ~ 
Figure 11. Coordinate System for Defining Particulate Trajectory . 
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where Q is the volumetric flow rate of the aerosol and A is the cross-x 
sectional area of the aerosol stream normal to the direction of flow. 
Thus, 
u 3Q [ 4rrr1 1 (6.5) 
The relationship between the point velocity of the fluid and the 
horizontal velocity component, V , of a particle suspended in the fluid 
r 
at that point may now be considered. The time required for a one-micron 
particle of unit density initially at rest to be accelerated to 95 per 
cent of the flowing fluid velocity is on the order of 10 microseconds.* 
This time is very small relative to the residence time of the aerosol in 
the precipitator. It may therefore be assumed that the particulate 
velocity and the fluid velocity are identical. Thus, the horizontal 
velocity component of the particle may be expressed by 










Integration of equation 6.6b requires knowledge of the vertical coordinate 
of the particulate position, y, as a function of time . In the absence 
of precise information regarding y = y( t), the simplest case has been 
*This calculation was made by equating the particulate drag force to the 
inertial force: 






Integration of this differential equation yields 
t = 
p reD 3z 
p p 
6 ln [1- (v /u)J r 
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assumed, namely, a constant vertical velocity, V, defined as follows : y 
v 
y (6.7) 
where tf is the total time in transit. It follows then, from Figure 11, 
that 
y . - L 
2 
v t y (6.8) 
Substituting this expression for y in equation 6 . 6b, and integrating be-
tween limits gives 
rdr = 3Q 
4rrL [ 1 - ( ~2) ( ¥ - ~;) 
2 
] dt (6 .9) 
for a particle starting at r
0 
and moving to rd. Performing the indicated 








in which precipitation time, tf, is a function of plate spacing, aerosol 
flow rate, and the prec ipitation radius. The vertical component of par-
ticulate velocity, V , may then be expressed in terms of the aerosol flow 
y 
rate and the deposit radius (both of which are experimentally determined 






- r 2 ) 
d 0 
B. Calculation of Thermal Force and Thermal Velocity 
(6.11) 
After the vertical component of particulate velocity has been deter-
mined, either by direct observation or by the computation indicated above, 
the thermal force and thermal velocity may be evaluated in the following 
manner. 
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A particulate moving in a viscous medium under the influence of a 
constant force attains a constant velocity, V, that is indicative of the 
force. The relationship may be expressed by 
v FZ (6.12) 
where Z, the mobility 
20 
of the particulate, depends on its size and 
shape and on the properties of the fluid medium. For a sphere in a 




6l1Tja (6 .13) 
where TJ is the viscosity of the fluid and a is the radius of the particle. 
As the inhomogeneity, i.e., mean free path length, of the fluid becomes 
comparable in size with the pa rticle, equation 6.13 must be modified by 







The slip correction, a function of ~' accounts for the tendency of the 
particle to slip between the molecu~es of the fluid medium.5, 6 , 23 By 
rearranging equation 6.12 and making the appropriate substitutions for 
V and Z (equations 6 .11 and 6.14) the total precipitating force may be 
y 















(6 . 15b) 
It should be noted that in the us ual expe rimental operating position, 
i.e., hot plate above cold plate, the precipitating f orce defined above is 
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the resultant of both gravitational and thermal forces. The gravitational 
force may be easily resolved according to the following equation from a 





where g is the gravitational constant. 
c 
(6.16) 
It is therefore possible to compute the thermal force acting on the 
particle from experimental data by 
s F g (6.17a) 





The thermal velocity, Vt' can be computed by substituting the thermal 
force obtained from equation 6 .17 for the force in equation 6.12. 
Tantamount to the preceding development is the following analysis . Si nce 
the particulate velocity also is a vector quantity, it may be resolved 
into its thermal and gravitational components. 
Thus, 
v (6 .19a) 
If the gravitational component has been observed in the absence of a tem-
perature gradient, the the rmal component may be obtained directly by 
v = v - v t y g (6.19b) 
Otherwise, the g ravitational component must be computed from the r elationship 
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of equation 6.12 
V = F Z = g g s 
2 
2g a p S 
c p 
91) 




2g a p S 
c p 
91) 
Finally, the thermal force is computed from equation 6.18. 
(6.20) 
(6.21) 
This latter treatment has the slight advantage that its application 
in thermal velocity evaluation from a Millikan-type experiment makes a 
knowledge of the particle size and density unnecessary. Thermal force 
evaluations, on the other hand, are equivalent. 
C. Evaluation of Mean Free Path Length and Slip-Correction Factor 
In order to apply the equations developed in the preceding treatment, 
it is necessary to evaluate the mean free path length of the carrier gas 
molecules and, in turn, the slip-correction factor. The mean free path 
length, ~, from the pressure-independent viscosity concept of kinetic 
theory, is defined such that the pressure-mean free path product, P~, for 
a given gas is a function of temperature, T, only. The proper relationship 
is given by 
T)RT 
0.499 MPV 





( 6 . 23) 
where R is the universal gas constant and M is the molecular weight of the 
gas. 
The slip effect mentioned above was investigated by Knudsen and Weber19 
who deduced an empirical equation which defines a correction factor of 
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the f orm 
(6.24) 
The empirical constants_, A, B, and C, have been evaluated for several sys-
tems. According to Davies,
6 
the proper values consistent with the above 
definition of the mean free path length of air are A~ 1.257, B = 0.400, 
and C = 1.10. 
D. Review of Simplifying Assumptions 
It should be noted that in the preceding development of equations 
several simplifying assumptions have been made. These are enumerated below. 
First, in the evaluation of the horizontal velocity component for thermal 
precipitation, it has been assumed (l) that fluid flow is laminar, (2) 
that entrance effects are negligible, (3) that fluid properties, including 
viscosity and density, are constant (i .e., temperature independent), and 
(4) that the horizontal particulate velocity component at any time is equal 
to that of the flowing fluid at the same point. Second, in the derivation 
of precipitation time and ve rtical particulate velocity, it has been assumed 
(5) that the the rmal force is constant, implying (6) a linear temperature 
gradient in the fluid and (7) a force directly proportional to t empera -
ture gradient, (8) that the vertical velocity is constant; implying a 
negligible acceleration time for the particle in beginning its descent, 
(9) and that the particle of concern originated at the hot plate inlet , 
r . 
0 
Finally, in the computation of thermal velocity and t he rmal force, it 
has been assumed (10) that the particle is spherical and (11) that its 
mobility is independent of the temperature of the system and the nature of 
the particle. These assumptions were made in order to facilitate mathe-
matical analysis . The complexity of a more rigorous treatment is hardly 
justifiable in view of the precision of the experimental techniques . An 
evaluation of the inaccuracy introduced by these assumptions is included 
in the analysis of errors . 
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VII. CALCULATION OF THEORETICAL PARTICLE BEHAVIOR 
An extensive theoretical investigation of particle behavior was ma~e, 
I 
based on Epstein's analysis of thermal force. The mathematical develop~ 
ment of the theoretical investigation employed also the equations discussed 
in the preceding section of this report. The order in which these equa-
tions were used was essentially reversed, however, for theoretical con-
siderations. In this treatment, the theoretical force, Ft' was computed 
in accordance with equation 3.2. The corresponding thermal velocity, Vt' 
was then evaluated from equation 6.18. The theoretical gravitational 
force, F , was computed from equation 6.16. Finally, the theoretical 
g 
deposit ·radius for the particulate was calculated from equation 6.15b 
rearranged to the form 
where · 
F = F + F t g 
(7.1) 
(7.2) 
The computations just described were incorporated in a. program for an 
IBM 650 computer. The program provided for the calculation of (1) the 
slip factor, (2) the mobility, (3) the thermal force, (4) the gravita-
tional force, (5) the deposit radius, and (6) the terminal vertical veloc-
ity of the particle. It covered a particulate diameter range from 0.2 
to 5 microns, a range of volumetric flow rates from 200 to 1000 cc/min and 
a range of pres sures from 0.01 to 1.0 atmosphere. 
This program was executed in the Computer Center at Georgia Tech for 
three materials of markedly diffe rent thermal conductivity, i.e., magne-
sium oxide, zinc, and stearic acid. The physical dimensions of· the 
precipi tater and the temperature gradients used in these .calculat ions 
were chosen to permit direct comparison of experi mental data and theo-
retical results . 
The theoretical data were plotted to show most clearly the effect 
of operating conditions as well as the effect of the physical properties 
of the particulat e materia l on thermal precipitation. Results from this 
inves t igation, includi ng examples of the plotted data, are presented in 
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the following section of this report. The results of this theoretical 
investigation have been most useful in programming experimental work, in 
comparing experimental results, and in explaining some of the pecularities 
of thermal precipitator operation. 
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VIII. THEORETICAL PARTICULATE BEHAVIOR 
A. Magnitude of Thermal Forces 
The theoretical effects of pertinent variables on thermal force are 
immediately obvious from the equations which have been presented and dis-
cussed in Section III. Of interest in this respect, however, are the 
magnitudes of thermal forces for specific systems and the magnitudes of 
changes in this force resulting from finite changes in the independent 
variables. Just how large is the thermal force on a one-micron magnesium 
oxide particle suspended in air, and how much greater is this force than 
that which would be expected under the same conditions for a particle such 
as zinc where the thermal conductivity is 175 times greater? These ques-
tions are answered in Figure 12 where pressure and thermal conductivity 
effects are illustrated in a semilog plot of thermal force versus tempera-
ture gradient for stearic acid (k = 0.0003 
0 p 
oxide (k = 0.00146 callcm sec K) and zinc 
p 
callcm sec °K), magnesium 
(k = 0.265 callcm sec °K). 
p 
For example, the force at any specific condition for zinc is approximately 
11170 the forc e for magnesium oxide, while for stearic acid the f orce is 
approximately four times greater. I t has been observed that for a one-micron-
diameter particle at atmospheric pressure the thermal forces predicted f or 
stearic acid, magnesium oxide, and zinc are respectively 1.7 x l0-11, 
-12 -14 4.5 x 10 and 2.7 x 10 dynes per unit temperature gradient. The thermal 
forces then are comparable to the force of gravity on the respective par-
, o 4 o 6 o I ticles at temperature gradients of about 25 , 15 and 13 ,000 C em. It 
should be noted that the gravitational force decreases much more rapidly 
with decreasing particle size than does thermal force. For a 0.5-micron 
particle, the temperature gradients at which thermal and gravitational 
o · o o I forc es are approximately equal are t hen 3 , 52 and 17,000 C em, 
respectively. 
B. Influence of Particulate Thermal Conductivity on Thermal Force 
The theor etical effect of thermal conduct ivity is perhaps illustrated 
most c l early in Figure 13 where the thermal force proportionality factor, 
f(k), defined in accordance with Epstein's thermal force equation (3 . 2) a s 
f(k) 3k l(2k + k ), 
g g p 
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Figure 12 . Relative Theor et ical Magnit udes of Thermal For ces . Thermal 
forc es are fo r l. 0 mic r on parti cles . Curves are based on 
ai r as the carrier medium at pressures of 0 . 5 atm ( br oken 
lin e ) and LO a tm (so:lid l ine ) . The uppe rmost pai r of curves 
apply t o steariC' ac i d,; t he int-ermedi ate pa i r appl y to magne -
sium oxide ; the lower pai r apply to zinc. Tbe units of 
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Figure 13 . Theoretical Effect of Particula t e Thermal Conductivity on Thermal 
Force . The curve is based on Epstein ' s thermal force theory and 
is appl icable to any gas suspension of parti cul ate material . 
Point values are designated f or the specific particul ate suspen-
sion in air . 
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has been plotted against a reduced thermal conductivity, k 1 , defined by 
(8.2) 
The theoretical effective thermal force is given by the relationship 
[f(k)] F~ (8 . 3) 
0 where Ft is the thermal force value for a particulate material of conduc -
tivi ty exactly e qual to that of the gas in which it i s suspended, i . e., 
the circumstance under which f(k) reduces to unity. It i s immediately 
evident that for k >> 2k the thermal force is essentially inversely 
p g 
proportional to the particulate thermal conductivity. At the other ex-
treme, i.e., k << 2k 1 it would appear from the above relationship that p g 
the thermal force approaches a limiting value, (Ft)max 3/2 F~, as 
the particulate conductivity approaches zero. In fact, for any value of 
k < k (which is conceivable, for example, in the case of an agglom-
p g 
erated particulate mass) the proportionality factor has a value greater 
than unity. This implies a temperature gradient within the particle 
greater than that which exists within the gas at some distance from the 
particle . Such a situation seems unlikely in view of the basic stipula-
tion that the particulate temperature gradient originates through thermal 
conduction from the gas. In other words, it is inconceivable wit h heat 
transfer from the gas t o the particle, that the maximum surface tempera-
ture of the particle could be higher than the corresponding gas tempera-
ture. A larger particulate gradient then would require the lowest surface 
temperature t o be less than the gas temperature at that point. This 
seems improbable if the rate of heat transfer is more rapid in the gas 
than in the particle . In fact, Epsteinrs equation, from which the pro-
portionality factor was defined, was obtained under the boundary condi-
tion of equal surface and gas temperatures . A more r easonable l imit i ng 
value would b e (Ft) = Ft0 ' which occurs when k = k . For any l ower max p g 
particulate thermal conductivity, the internal transfer of heat is negli -
gible and the assumption that the t emperature at any p oint on the particl e 's 
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surface is equal to the local gas temperature is logical. This conclu-
sion is consistent with the concept of a reduction in particulate tempera-
ture gradient, and therefore in thermal force as well, resulting from a 
more rapid internal heat transfer rate due to higher particulate conduc-
tivity. 
c. Influence of Independent Variables on Precipitation Deposit Radius 
The influence of the independent variables upon the radius of a 
thermal precipitator deposit is not quite so obvious as is t heir effect 
upon the thermal force. This obscurity stems from the fact that the effec-
tiveness of thermal precipitation is determined primarily by thermal veloc-
ity, not thermal force alone. Both the thermal force and the drag resis-
tance offered by the gas to the movement of the particle are intimately 
related in thermal velocity. Furthermore, both thermal and gravitational 
force components contribute to the precipitation of particulate material 
and must be jointly considered in an analysis, as was shown in the pre-
ceding sections. 
From the results of previous experimental studies t he theory appears 
to predict reliably the general behavior of a given particulate. To that 
extent, the theoretical data have been useful as a guide to precipitator 
operation. Some of the more interesting and informative relationships are 
graphically illustrated for discussion. 
1. The Effect of Particle Diameter and Pressure 
The effect of particle diameter and pressure on the deposit 
radius is illustrated in Figure 14, a plot of particulate diameter versus 
deposit radius with pressure parameters. This curve is based on t heo-
retical values and shows the behavior of particles with a thermal conduc-
tivity of 0 . 00146 cal/cm sec °K, a thermal gradient of 1970° C/ cm, an 
aerosol flow rate of 600 cc/min, and a precipitator plate separation 
of 0 . 041 em. It i s evident that the deposit r adius is a function of pres-
sure, decreasing r apidly as the pressure decreases . Theoretically, for 
a one-micron particle a decrease in pressure from 1.0 to 0.01 atmosphere 
r esults in a decrease in the deposit radius f r om approximately 6.5 em to 
0.5 em under the above conditions. Thus thermal precipitation is expected 
to be more efficient at lower pressures. 
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Figure 14. Theoretical Effect of Particulate Size and Pressure on the 
Deposit Radius. Curves have been plotted for magnesium 
oxide particles with k == 0 . 00146 cal/cm sec °K. Aerosol 
flow rate is constant Et 600 ,.,::c/min·. Tempera ture gradient 
is constant at 1970°C/cm. 
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It can be seen also in Figure 14, that the deposit radius is a 
function of particulate diameter and that the deposit radius r eaches a 
maximum value for some critical diameter determined essentially by the 
physical properties of the particulate material and the gas. This effect 
can be interpreted as the interplay of thermal and gravitational velocity 
components, which is illustrated in Figure 15, a log-log pl ot of particu-
late velocity versus particle size. The thermal velocity component in-
creases, while the gravitational velocity component decreases with dec r eas-
ing particle diameter. It is evident that there will always be a minimum 
in the compositevelocity curve which corresponds to the critical particle 
size . The value of the c r itical particle diameter thus depends upon the 
relative magnitudes of the gravitational and thermal velocity components . 
Referring again to Figure 14, the decreasing deposit radius associated 
with increasing particle size above the critical value is easily under-
stood as the gravitational influence which becomes predominant in that 
region at higher pressures. Furthermore, this effect is minimized at 
lower pressures where the thermal component is larger relative to the 
gravitational component of velocity. 
2. The Effect of Particulate Properties on Depos i t Radi us 
The effect of the physical properties of t he particulate material 
an the deposit radius is illustrated in Figure 16, which is also a plot of 
particle diameter ve rsus deposit radius . In this illustration, curves 
have been plotted for stearic acid, magnes i um oxide, and zinc at pressures 
of 1.0 and 0 . 1 atmosphere. The thermal gradient, aerosol flow rate, and 
prec ipitator plate separation are the same as for Figure 14 . Here the 
dependence of deposit radius upon the combined effect of t hermal conduc -
tivity and density is emphasized. In particular, the foll owing observa-
tions can be made for a pressure of one atmosphere . For the case of 
magnesium oxide, t he prominent critical particle size effect indicates 
that both gravitational and thermal velocity cont r ibutions are signifi -
cant . In the case of stearic acid the critical s ize effect is much less 
pronounced due to a higher t he rmal velocity contribution (i.e ., lower 
thermal conductivity) and the lower gravitational velocity contribution 
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PARTICULATE DIAMEJTER ( CM) 
Figu r e 15. Theoret i cal Effec t of Particle Diameter on Particulate Velocity. 
The rmgl v el oc ity component purves are based on a t emperature 
gradient of 1500°C/cm and a pressure of 1 . 0 atmosphere . Units 
of therma l cQnductivity are cal /cm s ec °K. Units of density 
are gm/ cc . 
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Figure 16 . Theoretical Effect of The rmal Conductivity and Density on 
Deposit Radius. The base conditioos are a er osol flow rate 
= 6oc cc/min, temperature gr adient '7 1970°C/cm_, and pre -
cipitator plate separation ~ o .o4l em. Thermal conductivit y 
units are cal/cm sec °K; density units are gm/cc . 
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which results from the lower particulate density. In the case of zinc, 
the curve is practically that for gravitational settling since the 
thermal velocity contribution is very small. At 0 .1 atmosphere, how-
ever, the thermal velocity contribution becomes significant, even for 
zinc. 
3. Implications of the Critical Particle Size Effect 
The critical particle size effect implies a varying particulate 
size distribution with radius depending upon the operating pressure and 
the nature of the material. Consider aerosols containing particles in 
the diameter range from 0 .5 to 1.5 microns. For stearic acid the critical 
diameter lies above this size range. Thus the deposit radius decreases 
as the particulate diameter decreases and only the larger particles would 
be expected to precipitate at the outer periphery of the deposit. For 
zinc the critical particulate diameter is less than the lower limit of 
the hypothetical aerosol. Thus, the deposit radius increases as the 
particle size decreases, and only the smaller particles would precipitate 
at the outer periphery. The critica l particle size for magnesium oxide 
is about 0.8 micron and lies within the range under consideration. The 
deposit radius increases with decreasing particulate diameter to the 
critical value and then decreases. Thus, - near the outer periphery of 
the deposit, the distribution should contain particulates both larger 
and smaller than 0 . 8 micron but approaching that value at the outer ex-
treme. It is to be noted furthe~ that the greater the gravitational 
contribution t o particulate velocity, the mor e sharply defined should be 
the particle distribution. 
4. The Effect of Aer os ol Flow Rate 
The effect of a e rosol flow rate on deposit radius is illustrated 
in Figure 17, where particulate diameter is plotted versus flow rate with 
pressure parameters. Again the magnesium oxide particle and the thermal 
gradient of 1970°~/cm are s el ected a s a basis for the illustration. 
This plot shows the more obvious effect of inc r easing deposit radius with 
increasing flow rate. In view of the magnitude of deposit variation due 
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Figure 17 . Theoretical Effect of Aerosol Flow Rate on Deposit Radius . This 
illustrat ion also shows the variat i on in the effect of flow rate 
with pres sure . The curves are for the prec i pitation of magnesium 
ox i de particulates a t a temperature gradient of 1970°C/cm. 
Aerosol flow r a t e, Q, is expr essed in cc/min . 
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conductivity, it is clear that precise flow control is essential . 
D. Derivation of Linear Relationships between Deposit Radius and 
Independent Variables 
It was found in a preliminary experimental investigation of thermal 
precipitation that rigorous duplication of operating conditions for each 
experimental observation was time consuming and sometimes impossible 
with available equipment. While precise measurement is essential for 
reproducibility, it is not necessary to establish i dentical aerosol flow 
rates and temperature gradients for each run. It can be shown from 
theoretical considerations that relationships suitable for i nterpolation 
can be established between those variables and the magnitude of the de-
posit radius . Rearranging equation 6.15b yields 
(8 .4) 
which indicate s that the quantity (rd2 - r
0
2 ) should b e directly propor-
tional to the aerosol flow rate, Q. This relationship provides a means 
of adjusting opserved deposit radii to a standard flow rate basis for 
comparis ion of expe rimental data . A simi l a r r earrangement of e quation 
6.17b predi cts an essentia lly l i near r elationshi p b etween the r ec iprocal 
2 2 
of (rd - r
0 
) and the temperature gradient, that is 
(8.5) 
where the symbol, ard' represen_ts the critical particle radius evaluated 
at the periphery of the deposit Since the the rma l f or ce is di r ec t l y 
t . l t t h t t d " t dT th t · propo r lOna o e empera ure g r a len , y' e e qua lon may be r e -
wri tten 
- 1 
(r 2 - r 2) 
d 0 F g 
(8. 6) 
wher e C1, the proportionality factor f or the t h erma l force-temperatur e 
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gradient relationship, is a function of all the other related variables of 
Epstein's basic force equation (3.2). Equation 8.6 expresses the quantity 
(rd2 - r 2 )-l as a linear function of temperature gradient if the coeffi-
0 dT 
cients of --d and F may be assumed constant. This assumption is pre-
y g 
cisely valid only for the case of constant particle radius. As was men-
tioned above, the critical particle size, i.e., that which would be 
observed at the maximum deposit radius, is dependent upon the relative 
magnitudes of the thermal and gravitational forces and is therefore 
subject to slight variation with changing temperature gradient. The 
assumption of constant coefficients is sufficiently valid, however_, to 
permit linear interpolation of experimental data over a limited tempera-
ture gradient range. This is tantamount to linear.inte rpolation of pre-
cipitation velocities and is permissible only as long as the gravitational 
component is negligible. 
It should be noted that in this theoretical discussion, the thermal 
conductivity of magnesium oxide powder has been arbitrarily assigned to 
the magnesium oxide particulate. This has been done in order to cover 
a suitable range of thermal conductivity for the purpose of comparative 
illustrations. The suitability of this choice will be discussed further 
in Section XI, Discussion of Results. 
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IX. EXPERIMENTAL OBSERVATIONS 
A. Scheme of Analysis 
In the course of this experimental investigation, data were accumu-
lated according to the following scheme of analysis . First, the thermal 
precipitation of a standard particulate material was thoroughly studied 
to establish the degree of reproducibility of data and the reliability 
of the experimental and analytical procedures. Next, precipitation studies 
were conducted with a number of particulate materi als with various physi-
cal properties in an effort to deduce the effect of thermal conductivity . 
In some instances, the data obtained appeared inconsistent, not only i n 
regard to theory, but with respect to other observations as well . In an 
attempt to resolve these apparent inconsistencies, other devi ces and tech-
niQues were employed in the preparation of aerosols and the precipitation 
of particulate materials. Finally, a detailed study of the precipitated 
deposits and the individual particulates was undertaken. In conjunction 
with the accumulation of thermal precipitation data1 observations were 
obtained with the modified Millikan appara tus for comparison with t he 
results of thermal precipitation . 
B. Thermal Precipitation Experiments 
1 . Precipitation of Magnesium Oxide Using Model I Precipitator 
Magnesium oxide was selected as the standard particulate mate-
rial because of the characteristics of the aerosol and the ease wit h which 
it could be generated. By burning a strip of magnesium ribbon in air or 
oxygen an aerosol with a particl e size distribution appa r entl y ranging 
from 0.5 to 1.5 microns in diameter could be produced . The individual 
particles so generated a r e generally of a cubic conf iguration, such that 
the assumption of a spher ical particulate form in the mathematical treat-
ment is statistically sound. Fur thermore, theoretical considerations 
suggested that the relative magnitudes of thermal fo r ce and gravitational 
force would be optimi zed from the point of v iew of analysis of results by 
the particulate size, density, and effective t he rmal conductivity peculiar 
to magnesium oxide. 
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a. Experimental Data. In this initial phase of the exper·r-
mental work, a substantial quantity of data was accumulated for the 
magnesium oxide aerosol in the pressure range from 0.1 to 1 .0 atmosphere . 
Experiments we re performed at a variety of aerosol flow rat es and for a 
range of temperature gradients from 500° to 2500° C/cm . Results were 
recorded from runs made on two Model I thermal precipitators, designated 
IA and IB, at two precipitator plate separationsJ viz . , 0 . 07 and 0.04 em . 
Tabulated data are p~esented in Tables I; II; and III grouped according 
to precipitator and plate separation . Experimental thermal forces were 
computed from all experimental data using the equations developed in 
Section VI. Also, for each set of operating conditions, a theoretical 
value of the thermal force and the corresponding theoretical deposit 
radius have been calculated according to the development in Secti on VII. 
Thus a theoretical value is available for direct comparison with each 
measured value. All data were processed on the IBM-650 computer. 
b . Experimental Confirmation of Linear Relationships between 
Deposit Radius and Independent Variables. The tabulated data cover a 
variety of aerosol flow rates and temperature gradients. In order to 
make a valid estimate of experimental deviations, it has been necessary 
t o adjust the observed deposit radii to standard conditions. The rela-
tionships f or the interpolation of experimental data, which were developed 
theoretically in t he preceding section? have been confirmed for this 
application . The linear relationship of equation 8 .4 between the aerosol 
flow rate, Q, and the quantity \rd2 - r
0
2
) is experimentally verfied in 
Figure 18 . Also, the approximate linearity between the temperature 
gradient, ~~; and the quantity (rd2 - r
0
2
)-l suggested by equation 8 . 6 
is shown in Figure 19 to be ade quate for extrapolation ove r the tempera-
ture gradi ent r ange of 500° to 2500° c/cm . 
c . Thermal Forc e Dependence upon Temperatu re Gradient and 
Pressure· The experi mental results have been plotted to illustrate in 
Figure 20 the dependence of thermal force on temperatu re gradient and 
pressure . The plot has been based on magnesium oxide data from precipi-
tator IA with a plate separation of 0 . 07 em (see Table I) . Data were 
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TABLE I 
EXPERIMENTAL DATA FOR THE PRECIPITATION OF MAGNESIUM OXIDE PARTICLES 
USING RADIAL FLOW PRECIPITATOR IA WITH PLATE SEPARATION OF 0.07 CENTIMETER 
(A) (B) (c) (D) (E) (F) (G) (H) (I ) 
Observed Theoretical* Experiment al* Theoretical* 
Temperature Aerosol Particle Particle Radius Thennal Thermal Force 
Pressure Gradient Flow Rate Travel Travel Ratio Force Force Ratio ----
(Dynes x lQ-13") (Dynes~ 10-8) (Atm) (°C/Cm) (CC/Min) (Cm) (em) (D/E) (G/ H) 
>-zj 
0 .96 841 2.66 6.59 o .4o4 2.90 o.4o4 7.18 f-'• 371-3 ~ 
0 .97 844 396.8 3.06 6.85 0.447 2.40 0 .401 5-99 
IU 
f-' 
0 .96 847 4oo 3.06 6.83 0 .448 2.41 0.407 5-92 ~ 1.0 844 425 3.16 7.19 0. 439 2. 44 0.389 4. 27 'd 
0-97 871 476 7·45 0 .452 2.42 0 .414 5.85 
0 
3-37 >-) 
1.0 984 2.96 6.61 0.448 2.61 0.454 
c+ 
403.2 5-. 75 " I 
\Jl 0-97 1127 420.2 3.01 6 .33 0.476 2.63 0 .536 4 .91 '1:1 CD 
I 0.96 1110 440 .9 2.74 6 . 50 0.422 3 . 28 0.533 6.15 d c._,, 
0-97 1127 457 .4 3.18 6. 62 0.480 2.59 0. 536 4.83 (]) () 
0-97 llll 460.1 3.04 6 .67 0 .456 2.84 0.538 5. 28 c+ 
0.96 1409 384.6 2.37 5.48 0.432 3 .72 0.677 5-49 ~ 0 
0 .96 1409 384.6 2.31 5.48 0.421 3-90 0.677 5. 76 
0 -97 1406 402.7 2.49 5-65 0 .441 3.58 0.669 5-35 b:l I 
0-97 1406 458 .7 2.64 6.o6 0.436 3-67 0 . 669 5-25 f-' \Jl 
612.3 o.6o 1.68 21.7 5.06 
\0 
0.1 931 0 .357 4.29 
0 -5 956 170-5 0 .96 2.99 0.321 6.47 0.829 7.80 
0 .5 1124 491.8 l. 74 4.84 0.360 7.24 1.04 7-96 
0 .5 1118 503-3 1.85 4.91 0-377 6 .67 1.03 6.48 
0.5 1402 199 0.81 2.63 0 .307 9.84 l. 29 7·63 
0 .5 1409 217.4 0.91 2.76 0.]30 9 .02 1.30 6.94 
0.5 1411 236 0.92 2.89 0 .318 9.64 1. 30 7-42 
0 .5 l4o4 241 0.91 2-93 0.311 10 .02 l. 29 7·77 
o. 75 880 312 .5 1 .80 5.25 0 . 343 4.69 0 .541 8 .67 
(Continued) 
TABLE I (Continued) 
EXPERIMENTAL DATA FOR THE PRECIPITATION OF MAGNESIUM OXIDE PARTICLES 
USING RADIAL FLOW PRECIPITATOR IA WITH PLATE SEPARATION OF 0 .07 CENTIMETER 
(A) (B) (c) (D) (E) (F) (G) (H ) ( I ) 
Observed Theoretical* Experimental* Theoretical* 
Temperature Aerosol Particle Particle Radius Thermal Thermal Force 
Pressure Gradient Flow Rate Travel Travel Ratio Force Force Ratio 
(Atm) ( 0 c/em) (CC/Min) (em) (Cm) (D/E) (Dynes x lo-B ) (Dynes x l o-8") (G/ H) ~ f-'· 
~ 
0.97 875 135 l. 72 3·77 0.456 2.18 0 .416 · 5.24 
Pl 
1-' 
0.97 882 324 2.94 6.05 0 .486 2 .08 0 . 419 4. 96 ~ (]) 
0.96 1062 555 3.24 7.47 0 .434 3.07 0 .510 6. 02 '0 0 
0.97 1132 464.4 2.74 6.66 0.411 3.49 0 .538 6. 49 >-j c+ 
0.97 1125 465.8 2.74 6.69 0.410 3 . 50 o . 535 6.54 "' I 
\Jl 
0 .97 1118 467.3 2.86 6.71 0.426 3 .18 o . 532 5 .98 '1:1 \0 
I 
>-j 
0 .97 1115 496 .7 2.81 6.94 0.405 3 ·57 0.530 6. 74 0 
0.9? 1114 506.8 2.96 6.98 0 . 424 3 ·31 o . 535 6.19 
(]) 
0 
0 .97 1404 376.9 2.46 5.45 0 .451 3 .40 0 .667 5 .10 c+ 
0.96 1409 378.8 2.45 5.43 0.451 3.45 0 .667 5.10 ~ 0 
0 .96 1406 48o.8 2.59 6.1~ 0 .419 4.00 0.676 5.92 
0.96 1399 493.0 2.59 6.28 0 .412 4.10 0.672 6.10 b:J I 
0.96 1399 500.0 2.62 6.32 0.414 4.08 0 .672 6 .07 1-' \Jl 
\0 
* All Computations are based on a particle di-ameter of 1.0 micron. 
TABLE II 
EXPERIMENTAL DATA FOR THE PRECIPITATION OF MAGNESIUM OXIDE PARTICLES 
USING RADIAL FLOW PRECIPITATOR IA WITH PLATE SEPAAATION OF 0. 04 CENTIMETER 
(A) (B) (c) (D) (E) (F) (G) (H) (I) 
Observed Theoret ical* Experimental* Theoretical* 
Temperature Aerosol Particle Particle Radius Thermal Thermal Force 
Pressure Gradient Flow Rate Travel Travel Ratio Force Force Ratio 
(Atm) ( 0 c/cm) (cc/Min) (Cm) (em) (D/ E) (Dynes x 10-8 ) r -s ) (G/H) 'Tj Dynes x 10 !-'• 
:::s 
0.5 507 180 2.06 3.93 0.524 1.86 o_468 3·97 
Pl 
f---i 
0.5 988 166 1.07 2.80 0.382 5.28 0.92 5.74 ~ 
169 1. 24 2.75 0.451 4. 20 0.969 4.33 
(]) 
0.5 1012 'd 
1478 184 0.98 2.45 o.4oo 6.77 1.36 4.98 
0 
0.5 1-1 
I 2473 194 0.42 1.91 0.220 24.1 10. 48 
cT 
0\ 0.5 2.30 ~ 
0 1-cJ 
I 1.0 503 194 3.11 5.61 0.554 1. 04 0.232 4.48 1-1 
980 180 1.86 4.29 0.434 2.60 0.452 
0 
1.0 5·75 c...... 
985 188 2.11 4.38 0.482 2.16 0.454 4.76 
(]) 
1.0 () 
988 2.16 4.53 0.477 0.456 4.85 
cT 
1.0 200 2.21 
~ 1.0 988 201 2.19 4.54 0.482 2.17 0.456 4. 76 . 
1.0 1478 194 1. 76 3.78 0.466 3.10 0.682 4.54 I:Jj 
1.0 1963 221 1. 79 3.58 0.500 3.46 0 .905 3.83 I f---i 
1.0 2463 198 1.31 3.02 0.434 5.26 1.13 4.65 Vl \0 
*All computations are based on a particle diameter of 1.0 micron. 
TABLE III 
EXPERIMENTAL DATA FOR THE PRECIPITATION OF MAGNESIUM OXIDE PARTICLES 
USING RADIAL FLOW PRECIPITATOR,. I B WITH PLATE SEPARATION OF 0. 04 CENTIMETER 
(A) (B) (C) (D) (E) (F) (G) (H) ( I ) 
Observed Theoretical* Experimental* Theoretical* 
Temperature Aerosol Part icle Particle Radius Thermal Thermal Force 
Pressure Gradient Flow Rate Travel Travel Ratio For ce Force Ratio 
(
0 c/cm) (cc/Min) (Dynes x 10-8 ) (Dynes x 10-8) 
--
(Atm) (em) (em) (D/E) (G/H ) ""1 1-'• 
::s 
Ill 
1.0 502 185 2.94 5.57 0. 528 1.11 0.232 4. 78 I-' 
1.0 488 193 2.98 5.65 0.527 1.14 0. 225 5.07 ~ 
1.0 488 195 2.78 5.68 0.489 1.32 0.225 5.87 
'd 
0 
1.0 495 202 2.96 5.76 0.514 l. 21 0 . 228 5.31 
., 
c1-
1.0 488 203 2.97 5.80 0.512 l. 21 0. 225 5. 38 "' I 
0\ 
493 216 3 .05 5.98 0.510 l. 23 0 . 227 5. 42 '"d I-' 1.0 ., 
I 
4. 73 0.488 1.68 0 1.0 722 175 2.31 0.333 5.05 c..... 
1.0 1002 184 1.83 4.30 0.426 2.74 0 . 462 5·93 
(]) 
() 
1.0 988 190 1.85 4.42 0. 419 2.78 o.453 6.14 
c1-
1.0 1222 238 1.88 4.58 0.410 3.44 0 . 563 6 .11 ~ 
1466 1.86 3.96 0.470 3.06 o.676 4.53 
. 
1.0 210 
1.0 1470 227 1.96 4. 13 0.475 3.03 0 .678 4.47 
b:J 
I 




*All computations are based on a part icle diameter of 1. 0 micron. 
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Figure 1 . Linear Dependence of rd - r
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Figu r e 20 . Effect of Pressur e on Thermal Force . Dat a a r e f or 1.0 mic ron 
magnesium oxide parti cles; Precipi tator IA; plat e separation 
0 . 07 em . 
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collected over a thermal gradient range from 800° to 1400° c/cm. An 
average particulate diameter of 1.0 micron was used in making the calcu-
lations. Theoretical curves (solid line) have been included on the graph 
for comparison with the experimental values (broken line). It should be 
noted that the 0.1 and 0.75 atmosphere pressure curves have been drawn 
through a single experimental point with an intercept at the origin. Thus 
these curves serve merely to substantiate the magnitude of the absolute 
value of the force determinations at the lower pressures. At all pres-
sures a definite ilisagreement with theoretical results has been indicated. 
The ratio of experimental force to theoretical force appeared to be on the 
order of six to one. 
d. Consistency of Experimental Data. The results given in 
Table I for the thermal force at one atmosphere are adequately supported 
by those of two additional series of experiments. The data presented in 
Table II were obtained using the same precipitator, IA, with a plate 
separation of 0.04 em. The data of Table III were obtained using another 
precipitator at the same design, IB, with a plate separation of 0.04 em. 
A comparison of the three series of runs is made in Figure 21. It may 
be seen that the results are in general agreement and are consistently 
higher than Epstein's theory would predict. The experimental-to-theoreti-
cal thermal force ratios range from about 4 to 7. 
Figures 22 and 23 illustrate the consistency of the data for the 
three series of experiments. In each illustration, the particle travel, 
rd - r
0
, adjusted for constant flow rate, has been plotted against the 
temperature gradient (broken line curves). In each case a solid line 
curve has also been constructed to indicate the corresponding theoretical 
particle travel. 
Figure 22 presents the results from Table I. Only the data obtained 
at atmospheric pressure and with flow rates in the vicin~ty of the base 
value of 400 cc/min have been plotted. It can be seen that all the 
points lie within an experimental deviation of ~ 10 per c ent. Over the 
limit-ed temperature gradient range, and for the operating conditions 
of these tests, the relationship between particle travel and temperature 
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Figure 21 . Thermal Force as a Function of Tempera t ure Gradient at 1 .0 
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Figure 23. Precipitation Distance as a Function of Temperature Gradi ent 
at 1 .0 Atmosphere Pressure and at an Aerosol Flow Rate of 
200 CC/Min . Theoretical curve is for 1 . 0 micron magnesium 
oxide particles. Precipitator plate separation is 0 . 04 em. 
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theoretical radius is approximately 0.47. 
Figure 23 presents the results obtained at a pressure of one atmos-
phere and a precipitator plate separation of 0.04 em on precipitators IA 
and IB. In both cases the particle travel, rd - r
0
, has been ad j usted 
for a flow of 200 cc/min and plotted against temperature gradient. From 
this illustration, it can be seen that the data of both curves lie within 
an experimental deviation of ± 15 per cent and for either series the aver-
age values lie within ± 10 per cent of the mean curve. It can be seen 
also that the relationship between precipitation distance and t emperature 
gradient is a ctually not of the linear character indicated in Figure 22. 
Instead, the rate of change of travel with respec t to temperature gradient 
increases as the thermal gradient decreases. The ratio of observed radius 
to theoretical radius also varies. For the result s of Table II (Precipi-
tator IA) this ratio varies from about 0.56 for a gradient range of 
500°C/cm to about 0.45 for a gradient of 2500°C/cm. For the results of 
Table III (Precipitator IB) the ratio decreases from about 0 .52 to 0 .45 
over the same range of thermal gradients. 
The data of all three series of experiments generally f all within an 
observed experimental deviation of about 15 per cent (see Figure 21). I t 
has been noted however that the forces given in Table I are consistently 
higher than those presented in Tabl es II and III. In this connection, it 
should be noted that the average flow rat e fo r t he first set of data was 
on the order of 400 cc/min while the average flow rate for t he s econd and 
third tabulations are less than 200 cc/min. According to the simplified 
theoretical development, the thermal forc e is independent of the aerosol 
flow rate which therefore should have no bearing on these r esults . How-
ever, this conclusion i s based on the assumption of negligible ent rance 
effects and a linear tempe rature profile. 
2. Precipitation of Magnesium Oxide Using Model II Precipitator 
From the results presented above, it is clear t hat the apparatus 
and techniques initially employed would produce acceptable data. However, 
as was mentioned earl i e r, it seemed that a radial flow precipit ator wi th 
a restricted aerosol i nlet might yield more revealing deposits . Such a 
precipitator (Model II) was designed, constructed, and put into operation . 
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Considerable difficulty was encountered with aerosol flow control in .this 
apparatus due primarily to the split gas stream at the aerosol inlet . 
Data were obtained for the precipitation of magnesium oxide, but the results 
were of little additional value. Significant deductions regarding the 
thermal forces still could not be made from the deposit i nterior . The 
depos it radii, measured to the outer periphery, were of value, however, in 
supporting the results of Model I experiments. The data obtained f r om a 
typical series of experiments with Precipitator II are presented in 
Table IV. 
TABLE IV 
EXPERIMENTAL DATA FOR THE PRECIPITATION OF MAGNESIUM OXIDE PARTICLES USING 
RADIAL FLOW PRECIPITATOR II WITH PLATE SEPARATION OF 0. 04 CENTIMETER 
Experimental* Theoretical* 
Thermal Aerosol Deposit Thermal Thermal Force 
Pressure Gradient Flow Rate Radius Force Force Ratio 
(Atm) ( 0 c/cm) (CC/Min) (em) (Dynes x 10=8) (Dynes x 10-8)--
0 .98 670 245 3 . 54 l. 56 0 . 309 s.os 
0.97 990 115 2 . 18 2.69 0.457 
r 
5 .89 
0 .97 1475 150 1. 85 6 . 28 0 . 681 9 . 21 
0 . 96 1480 99 1. 88 3 · 75 0.683 5 . 50 
0.97 1560 100 1.96 3 .31 o.no 4 . 60 
* All computations based on a particle diameter of 1.0 mic ron. 
It is evident that the data of line 3 are inconsistent wi t h the remainder 
of the tabulation. It has been noted that this particular observa tion 
was made from a very faint deposit which may have been larger than the 
mea surements indicate. With this single exception, the experimental forces 
are comparable to those determined by experiments with Precip~tators I A 
and IB, as shown in Figure 24, and fall within the previously observed 
deviat ion. The fact that the same thermal force values were obtained with 
precipitators of different design lends considerable support to the reli -
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Figure 24. Comparison of Experimental Force Evaluations from Data of Radial 
Flow Precipitator Models I and II. 
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The Model II precipitator was larger and more complicated than 
Model I, and the time required for it to reach thermal steady state was 
about four times greater. This factor, in conjunction with the flow 
control difficulties attendant to the operation of Precipitator II and 
the fact that the experimental data obtained with it vrere in no sense 
superior, led to its abandonment. Experimental studies were resumed 
using the original radial flovr precipitator. 
3 . Precipitation of Metallic Aerosols Using Model I Precipitator 
The accumulation of data for a number of materials of various 
thermal conductivities vras next undertaken. The choice of particulate 
materials for this investigation is severely limited. If the particles 
are too small relative to the mean free path of the carrier gas, the t her-
mal force mechanism is not dependent upon thermal conductivity of the par-
ticulate material and the aerosols would be unsuitable for this investi -
gation. If the particles are too large, the gravitational component 
outweighs the thermal component of veloc ity and significant deductions 
could not be made from experimental observations . Therefo re, the particu-
late diameter is restricted to a lower limit of about 0 .1 micron for at-
mospheric observations and to an upper limit ranging from 0 . 5 to 5 microns, 
depending upon the density of the material. Further, it is necessary 
that the thermal conductivity of the subject material be known accurately . 
Liquid droplets would seem ideal for numerous reasons, namely, (l) drop-
let size is easily controlled by standard aerosolization techniques, (2) 
the particulate thermal conductivity may safely be assumed equal to the 
bulk conductivity, (3) liquid densities are usually lovr, (4) a spherical 
particulate is assured, and (5) a wide range of relatively low thermal 
conductivities is available. Unfortunately, the analysis of a flu id 
deposit is unreliable -due to the uncertainty in droplet size at the time 
of precipitation because of agglome ration of the primary droplets and to 
its tendency to flow after deposition on t he usual collecting surface . 
Also , the range of thermal conductivity for suitable liquids is severely 
limited . Hence, l iquid aerosols we re disqualified . A number of povrders 
thought to meet the requirements for experimental study were obtained, 
including aluminum oxide , ca rbon, zinc, iron, and aluminum. 
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Because of the pronounced conflict of theoretical and previous 
experimental observations which had been reported for materials of high 
thermal conductivity, the next precipitation experiments were conducted 
with metallic aerosols. Numerous attempts to obtain deposits suitable 
for analysis invariably produced the following results. The deposits 
were characterized by a dense central zone with a radius comparable to 
tha~ of the magnesium oxide deposits. The outer periphery was not well 
defined, but it appeared that most of the particulate material had been 
deposited in the central region. Close examination of the deposits 
under an optical microscope revealed a central core of relatively high 
density which at some radius, dependent upon the operating conditions, 
faded rather rapidly into an area of extremely low density. The circum-
ferential band between the regions of high and low density was wide and 
hazy. It was difficult to obtain data of quantitative value from such 
deposits. However, the following qualitative observations were recorded, 
specifically for zinc deposits, but applicable to deposits of aluminum, 
carbon , and iron as well. Particle diameters, ranging from 0.5 to 2 
microns, were observed in the circumferential band. Within the more 
dense area of the deposit, discrete particulate sizes were obscured by 
a profusion of agglomerates. The agglomerates appeared large relative 
to the primary particle size and were observed even in deposits of very 
light overall density. In the circumferential band relatively few 
agglomerates were observed . Beyond the band which marks the apparent 
deposit periphery there was a conspicuous absence of agglomerates, but 
a background of uniform low particulate density extending over the entire 
surface of the collecting disc was always observed . Similar observations 
were made on deposits of magnesium oxide, with one notable exception. 
The background of scattered particles was not observed. Thus the deposit 
p eriphery was clearly defined by the circumferential band which was always 
much more narrow in the case of the oxide . 
These observations suggested a premature conclusion that metallic 
particles, while not so effectively precipitated as mat erials of lower 
thermal conductivity, are subjec t ed to thermal forces much greater than 
Eps t ein's equation predicts . 
- 73 -
Final Report, Project No. B-159 
4. Precipitation of Aluminum Oxide Using Model I Precipitator 
In order to obtain data of quantitative significance, attention 
was once again focused on materials of low thermal conductivity. Pre-
cipitators IA and IB, each with a plate separation of 0.04 em, were used 
to collect deposits from aluminum oxide aerosols at atmospheric pressure. 
The data collected from these experiments are presented in Table V. The 
data of Series A were obtained with Precipitator IA over a range of tem-
perature gradients from 988° to 1980° c/cm, and that of Series B were ob-
tained with Precipitator IB over a range of aerosol flow rates from 182 
to 670 cc/min. Extravagant precautions were taken during this series of 
experiments to maintain constant control and precise measurement of oper-
ating conditions. The resulting decrease in experimental deviations is 
evident in the tabulated force ratios, particularly for Series B. The con-
sistency of individual experimental determinations of Series B has been 
2 2 . 
graphically illustrated in Figure 25 where the quantity (rd r
0 
) has 
been plotted versus aerosol flow rate. This curve also supports the theo-
retical linear relationship predicted by equation 8.4, even more substan-
tially, in fact, than does Figure 18 . The departure from linearity indi-
cated by the two points for flow rates of 595 and 670 cc/min are easily 
explained. These flow rates approach the upper limit of precipitator 
throughput capacity at the operating conditions of these experiments. A 
portion of the precipitated deposit overlapped the periphery of the re-
movable collecting disk due to a slight eccentricity in its positioning in 
the precipitator. Hence, the average deposit radii recorded for these runs 
has been slightly underestimated. These two points have been shown be-
cause of their additionaL weight in supporting the precision of the mea-
surements but have not been considered in evaluating average force mea-
surements or experimental deviations. The individual deviations for Series 
A and B were found to be within ll and 6 per cent, respectively. As in the 
study of magnesium oxide, the experimental forces were apparently higher 
than the values obtained from Epstein ;· s equation using the thermal conduc-
tivity reported for the powder, this time by a factor in the range from 
3.5 to 7.0. The average results f o r each series, while different, were 
within ± 15 per cent of the median value. 
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TABLE V 
EXPERIMENTAL DATA FOR THE PRECIPITATION OF ALUMINUM OXIDE PARTICLES 
USING RADIAL FLOW PRECIPITATOR MODEL Ia 
Experiment alb b Theoretical 
Temperature Aerosol Deposit Thermal Thermal For ce 
Series Pressure Gradient Flow Rate Radius Force Force Ratio 
(Atni) (°C/Cm) (cc/cm) (Cm) 8 (Dynes x l o-9 ) (Dynes x 10- ) 
A 1.0 988 200 2.8 1.84 4.o8 4. 51 
1-,:j 
1-'• 
1.0 1003 330 3.44 2. 00 4.14 4. 83 
:;:l 
A lll 
1450 267 2.9 2.34 5. 98 3 ·92 
f-' 
A 1.0 
A 1.0 1488 265 2 .40 2.41 6.14 3 ·93 
~ 
(1) 
1980 1.60 3.69 8 .17 4. 52 
'd 




3· 78 6.12 6 .18 
~ 
-..J B 1.0 1480 182 1.94 
Vl 1492 321 2.67 3 . 41 6.17 5· 53 
'lj 
I B 1.0 '1 
1488 358 2. 79 3.50 6 .15 5 .69 
0 
B 1.0 c_,. 
1499 4oo 2.84 3·76 6.16 6 .11 
(1) 
B 1.0 0 
1485 467 3 .18 3.47 6 .14 5· 65 
c-t 
B 1.0 2! 
B 1.0 1480 595 3 · 37 3 ·96 6 .12 6 . 48 0 




a Runs made with a plate separation of 0 .04 
\() 
centi meter . 
bAll computations based on a particle diameter of 1 .0 micron . 
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PRESSURE : l ATM 
TEMP. GRAD.: l485°C/CM 
I I 
0 100 200 300 4oo 500 6oo 700 
AEROSOL FLOW RATE (CC/MIN) 
Figure 25. Consistency of Experimental Observations in the Precipitation 
of Aluminum Oxide. 
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5. Precipitation of Aluminum Oxide Using Model I II Precipitator 
The fact that experimental forces observed for both magnesium 
oxide and aluminum oxide were consistently higher than theoretical values 
led to speculation concerning the validity of the hydrodynamic analysis 
of data obtained with the radial flow precipitator. As was pointed out 
in Section VI, a number of simplifying assumptions were made in the deri-
vation of the equations used for computation . EspeciaLly uncertain were 
entrahce effects which had been assumed negligible . This assumption 
could be justified only through rough estimation by analogy to flowing 
systems less complex mathematically than the radial flow precipitator. A 
more rigorous hydrodynamic analysis could be made for a rectilinear flow 
precipitator with many of the assumptions eliminated. In an effort t o 
establish the quantitative validity of thermal force and velocity values 
computed from experimental observations, such a precipitator, Model III, 
was constructed and used in this investigation. Unfortunately, the gain 
in the mathemat .ical simplicity of the analysis of results was offset by 
a lack of precision in the physical control and measurement of tempera-
ture gradient and deposit dimensions in particular. This lack of precision 
was due primarily to the large surface area required for complete deposi-
tion and to edge effects induced by the precipitator plate spacer . The 
results of the experimental precipitation of aluminum oxide particles 
with Precipitator III are presented in Table VI . It is apparent that the 
experimental deviations between individual experiments were greater than 
in the case of radial flow precipitation, and Precipitator III was there-
fore l ess suitable for this experimental investigation. Still, the data 
of Table VI are valuable in establishing the c r edibility of earlier f orce 
measurements, since the entrance effects in the establishment of tempera-
ture and veloc ity profiles in Precipitator III are thought to 'be less 
significant) and the position of the uppermost particles at the entrance 
to the precipitation zone i s more certain. The general agreement of these 
data with those of the radial flow precipitator is illustrated in Figure 26 . 
6 . Precipitation of Solids of Various Thermal Conductivities Using 
Model I Prec ipitator 






EXPERIMENTAL DATA FOR THE PRECIPITATION OF ALUMINUM OXIDE PARTICLES 
USING LINEAR FLOW PRECIPITATOR I II 
Temperature Aerosol Deposit Experimental b Theroreticalb Force 
Series a Gradient Flow Rate Length Thermal Force Thermal Force Ratio 
(0c/cm) (Dynes x lo-8) (Dynes x 10- 8) 
--
(cc/ Min) (em) 
A 560 454 8.5 1.49 0 .242 6 .15 
A 544 520 9 .4 l. 54 0 .~35 6 .55 
A 571 690 13 . 2 1.44 0 . 246 5.86 
B 552 460 3 .6 3 -85 0 . 238 16 .17 
B 1395 533 3·5 4.64 0 . 601 7 -73 
B 1408 280 1.3 6.48 o .6o6 10 .68 
B 1597 1172 5 .5 6.53 0 . 688 9 -50 
aData classified as series A or B according to precipitator plate separation . For 
ser ies AJ plate separation ~ 0 .127 em; for series B, plate separation '""' 0 . 038 em. 






















































PRESSURE : 1 A'IM 
0 --RADIAL FLOW PPT. I 
0 - ---LI NEAR FLOW PPT. III 
0 ~------~------~--------~------~-------L------~------~ 
500 1000 1500 2000 
TEMPERATURE GRADIENT (°C/CM) 
Figure 26 . Comparison of Experimental Force Evaluations from Data of Radial 
and Linear Flow Precipitators, Models I and III . 
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to this point, the original Model I radial flow precipitator was selected 
for further studies. One additional refinement was made in an effort to 
increase the precision of the data. The average discrepancy which had 
been observed in the experimental results using Precipitators IA and IB 
could be accounted for by an error of less than 0.002 inch in the evalua-
tion of precipitator plate separation. For this reason the hot plate face 
and the plate spacer of Precipitator IB were remachined and the plate 
separation was recalibrated. The experimental investigation of thermal 
precipitation was then resumed with added confidence. Observations were 
made for several airborne particulate materials precipitated at atmospheric 
pressure under temperature gradients ranging from 1100° to 1700° c/cm. 
Plate separation was maintained on the order of 0.04 em. The average re-
sults which were obtained are presented in Table VII. Magnesium oxide 
and aluminum oxide aerosols were precipitated as standards for comparison 
with previous results. The data for these materials (lines 1 and 2) are 
in agreement with those of initial experiments. 
a. Aerosols Produced by the Dispersion of Powders . Aerosols 
of gas carbon, zinc, aluminum pigment and iron were generated by atomiza-
tion . The deposits obtained with each of these materials were of the nature 
of the zinc deposits previously described. That is, to the naked eye pre-
cipitation appeared to be complete, but under microscopic examination a 
dense central deposit was observed against a light background of fine par-
ticulate material. Measurements of the radii of the dense central core 
were recorded and thermal forces computed therefrom. The average results 
are presented in lines 3 through 6 of Table VII. These observations seem 
to be in complete disagreement with theory. Not only a.re the values many 
times greater than theoretical forces based on the bulk conductivity of 
particulate materi al, but the qualitative theoretical influence of thermal 
conductivity is not evident. For example, the maximum force on aluminum 
pigment particulates is apparently greater than the average force on 
aluminum oxide particulates, yet the thermal conductivity of aluminum is 
many times that of i t s oxide . 
b . Aerosols Produced by the Exploding Wire Technique. Since 
it appeared that thermal precipitation of material s of relatively high 
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TABLE VII 
EXPERIMENTAL DATA ON THE PRECIPITATION OF VARIOUS PARTICULATE MATERIALS 
USING RADIAL FLOW PRECIPITATOR MODEL I 




Thermal Thermal Force Thermal Force Force Force x 107 
Line Particulate Aerosolization Conductivity Per Unit Temp. Per Unit Temp. Ratio 
[Ft.;,. a~] No . Material Techniques of the Solid Gradient x 1011 Gradient x 1011 (D/E) 
(Cal/Cm Sec°K) (Dyne Cm/°C) (Dyne Cm/0 c) (Dynes/0 c) 
Mg burned 0 . 00146a 0 .475 4 .85 4. 60 
1-xj 
1 MgO 2. 30 r'• ::s 
in air Pl 1---' 




3 Gas Carbon Atomized 0 .00826 0 .086 38 6.54 0 
I 
0 . 504 2.17b 
~ 





5 Zn Atomized 0 .265 0 . 00270 812 4 .38 fi 0 
2.14b 
c._,, 
6 Fe Atomized 0.11 - 0.14 o .oo6 357 4 . 28 ro () 
c+ 
7 Ag Exploded 0 . 963 2 .86 0 .0007 4080 5 . 72 ~ 
8 Pt Exploded 0 .167 3·35 0 . 0043 778 6 . 70 
0 .00163a 
tJ:j 
9 Al203 Aluminum exploded 3 .45 0. 432 7·99 6 . 90 
I 
1---' 





Bismuth exploded 2 . 73 5 . 46 
in air 
11 NaCl Aqueous solution 0 .0155 3 . 22 o . o46 70 6 .44 
exploded 
12 Iron Iron Exploded 0 .00135a 3.70 0 .49 7 · 55 7 . 40 
Oxides in air 
aThermal conductivity of powder. 
bForce computation on central core deposit radius, i. e., precipitat i on not complete. 
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thermal conductivity is effective (though not necessarily complete), ad-
ditional experiments were conducted using aerosols generated by the ex-
ploding element technique. In this way, deposits were obtained with 
particulate materials including silver, platinum, sodium chloride, and 
the oxides of aluminum, iron, and bismuth. The average data of these 
materials are presented in lines 7 thro~gh 12 of Table VII. The first 
deposits obtained from aerosols generated by this technique were of 
metallic materials. Exceptionally large thermal forces were indicated 
by the deposit dimensions (see ~ble VII, lines 7 and 8). Furthermore, 
it appeared that the deposition of silver and platinum particulates was 
essentially complete, i.e., no background of particulates was observed 
beyond the outer periphery of the dense deposit. Aerosols of aluminum 
oxide were then generated by exploding the metal wires in oxygen. · Again, 
complete deposition was obtained by precipitation with deposit radii 
which indicated a force considerably greater than that deduced from pre-
cipitated deposits of aerosols generated by atomization (Table VII, line 9) . 
Further experimentation indicated exceptionally large forces for all aero-
4 -11 sols generated by this technique, usually in the range from 3 to x 10 
dynes per unit temperature gradient for a 1.0-micron-diameter. Further-
more the magnitudes of the apparent thermal force seem to be independent 
of the thermal conductivity of the particulate material. 
7· Precipitation of Solids of Various Thermal Conductivities Using 
Model I Precipitator in Inverted Position 
A question arises in examination of t he results of Table VII. 
Is it possible that thermal forces are obscured by some overriding influ-
ence such as gravitational or inertial force? If t he part iculate size 
evaluation by use of the optical micrometer is even moderately accurate 
(i.e., primary particle diameters less than 2 microns), then such fac tors 
could hardly be significant . In order to eliminate the remote possibility 
that the gravitational component might be excessive, a series of experi-
mental observations was made with the the rmal precipitator i nverted during 
operation . In this way, the precipitating force was directly opposed to 
the gravitational force and must therefore have been sigqificantly greater 
than the gravitational forc e in order for complete precipitation to take 
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place. The average results of these runs are presented in Table VIII. 
The data of the first line were obtained by the precipitation of magnesium 
oxide from an aerosol generated by burning. The thermal force value de-
duced in this case is essentially the same as that for normal precipitator 
operation. In the case of zinc (line 2) the aerosol was generated by dis-
persing the powder in air. Again, the precipitation of particulate mate-
rial was not perfectly efficient. The force value deduced from the dense 
deposit core radius is only slightly higher than that of normal precipi-
tator operation. In all other cases, including particulate materials of 
magnesium oxide, aluminum oxide, edlver, platinum, gr;aphite, and the oxides 
of iron, bismuth, lead, tin and antimony (lines 3 through 12) the aerosols 
were generated by the exploding element technique. In general, the forces 
deduced from inverted precipitator operation were slightly higher than 
the corresponding forces for normal precipitator operation. The greater 
precipitating force for these particulates was confirmed, and the effects 
of gravity and inertia discounted . 
C. Detailed Study of Precipitator Deposits 
If the foregoing observations are to be of any quantitative value in 
the study of thermal forces, then an acceptable interpretation of the 
apparent inconsistancy must be found . In view of the general support of 
Epstein's theory provided b,yMill:ikan type observations of other investiga-
tions, it seems most likely that the apparent discrepancy might be attrib-
uted to inaccurac ies in the effective particulate thermal conductivity. In 
any event, it was decided that a deta iled study of the deposit and of the 
individual particulates might be helpful in this analysis. 
L Characteristic .:Appearanc.e of .Deposits 
The qualitative observations on the nature of deposition reported 
earlier were made from deposits which had been obta ined primarily f or the 
purpose of dete rmining deposit radii. The deposits were del ibe rately 
made very dense for sharp definition of the outer periphery (see Figure 7). 
It was in such deposits that the heavier background for rr~terials of high 
thermal conductivity was most obvious . Less dense depos its are prefer-























EXPERIMENTAL DATA ON THE PRECIPITATION OF VARIOUS PARTICULATE MATERIALS 
USING RADIAL FLOW PRECIPITATOR MODEL I IN INVERTED POSITION 
(B) (c) (D) (E) (F) 
Experimental Theoretical 
Thermal Thermal Force Thermal For ce Force 
Aerosolization Conductivity Per Unit Temp. Per Unit Temp11 Ratio Techniques of the Solid Gradient x 1011 Gradient x 10 (D/ E) 
(Cal/Cm Sec°K) (Dyne Cm/°C) (Dyne em/ 0 c) 
Mg burned 0.00146a 2.36 0 . 475 4.97 
in air 
Dispersed powder 0.265 2.6ob 0 . 00270 963 
Metal exploded 0. 00146a 
ln alr · 
3.21 0 . 475 6.76 
Metal ex~:J,.oded · ln a r o.oo163a 3-53 0. 432 8 .17 
Ex-Q:J..oded 0 .963 3·71 0 .0007 5300 
Exploded 0 . . 167 3 .68 0 . 0043 855 
Exploded 0 .105 3 .81 o . oo68 560 
Metal exploded 0.00135a 4 .03 0.49 8 . 23 
in air 
Metal exploded 2 . 26 
in air 
Metal exploded 3 · 72 
in air 
Metal exploded 4 . 39 . 
in air 
Metal exploded 3 . 26 
in air 
aThermal conductivity of powder. 





[Ft ..;.. a~] 1-xj 
I-'• 
(Dynes/ 0 c) :::.s p:> 
f--' 

















7 . 62 tJj 
I 
8 .06 I-' Vl 
\0 
4 . 52 
7. 44 
8 .78 
6 . 52 
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microscope evaluation. Many of these less dense deposits of several dif-
ferent particulate materials were examined as a basis for the discussion 
which follows. 
a. Deposit Density Variation with Radial Distance (Optical 
Micrographs). In general, the observations pertinent to dense deposits 
were found true for sparse deposits also. The characteristic appearance 
of these deposits is illustrated in a series of mi crographs of an aluminum 
oxide deposit. The micrographs were taken at 390x magnificati on at strate-
gic positions relative to the deposit and location in the precipitator as 
indicated in Figure 27. The sequence of micrographs (Figure 28) shows the 
nature and relative density of the deposit at (A) the central region be-
neath the precipitator inlet where deposition is the result of gravitational 
settling, (B) the beginning of the controlled thermal field, (C) the inte-
rior region of uniform high density, (D) the periphery of the dense central 
core, (E) an intermediate position in the circumferential band which was 
considered the average periphery, (F) a point immediately beyond the aver-
age periphery where scattered deposition occurs, and (G) outside the deposit 
boundary. It is evident that the deposition of particulate material was 
essentially complete. The interior of the deposit (micrographs A through 
D) is characterized by a dense deposit of particulates ranging from sub-
micron diameter to several micronsj many of the particulates are agglome-
rated. The predominant primary particle diameter appears to be on the 
order of 0 . 5 to 1.5 microns with agglomerated particulates much larger. 
Furthermore, the extent of agglomeration, with respect to both frequency 
and composite diameter, decreases with increasing deposit radius. Only an 
occasional particle (micrograph G) was observed beyond the circumferential 
band which marks the deposit boundary . Depositsof other particulate mate-
rials were of similar appearance, with the notable exception of atomized 
powders of high thermal conductivi ty for which the light background scat-
tering of small particles was always observed. 
b. Deposit Density Variation with Radial Distance (Particle 
Count). A particle count of the aluminum oxide deposit has been made cor-
responding to the micrographs of Figure 28 . The results are shown in 
Table IX along with counts fo~ zinc and aluminum deposits. From this 
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OUTER RADIUS OF 
COLLECTING DISK 
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27B. Sch ematic Vi ew of Precip itator. 
Figure 27 . Location of Points at Which Micrographs of Figure 28 Were 
Taken . Corresponding positions are indica t ed by e'ncircled 
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A. Central Region at Precipitator Inlet. 
{1 mm from center) 
B. Beginning of Controlled Thermal Force 
Field. (5 mm from Center) 
C. Interior Region of Uniform Density. 
(10 mm from Center) 
• 
D. Periphery of Most Dense Deposit Region. 
(14 mm from Center) 
E. Average Peripheral Measurement. 
(15 mm from Center) 
F. Scattered Deposition Immediately Beyond 
Average Periphery. (15.5 mm from Center) 
' 
G. Beyond Deposit Boundary. (15.9 mm from Center) 
AEROSOL: Aluminum Oxide (Dispersed Powder) 
MAGNIFICATION: 390X 







NUMBER OF PARTICLES AT VARIOUS RADIAL DISTANCES 
FOR THERMAL PRECIPITATION DEPOSITSa 
Oxide Zinc Aluminum 
Radial b Particle Radial Particle 
Count 
c 
Distance Count Distance 
(Mm) (Mm) 
1.0 864 0 128 
5.0 1194 5. 0 434 
10.0 1268 10.0 373 
14.0 672 12 . 0 401 
15.0 130 13 . 0 266 
15-5 25 14.0 ~7 
15-9 2 14 .5 7 
16+ negligible 15 to 30 5 to 15 
aPrecipitation from aerosols generated by dispersion of powder. 
bDistance measured from ce~ter of deposit. 




5 .0 450 
10 . 0 430 
15. 0 386 
20.0 220 
25 . 0 56 
30.0 3 
cNumber of particles per unit area, counting agglomerates as single unit. (Unit a rea 
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tabulation the different degrees of deposit definition are evident. The 
circumferential band may be identified with the decreasing particle count 
at the deposit periphery. Its width then is determined by the radial dis-
tance between the point of maximum deposit density and the point which 
marks either the termination of the deposit or the beginning of the scat-
tered background. The circumferential band width in the case of aluminum 
oxide was on the order of l. 5 millimeters with a 15-millimeter deposit 
radius. This is congruous with .the band width of .10 to 15 per cent of the 
total deposit radius which was typically observed with deposits of atom-
ized oxides. In general, the deposit band width for atomized materials 
of high thermal conductivity was somewhat wider than this J while that for 
aerosols produced by the exploding wire technique was usually much narrower . 
That is, the deposits obtained from t~e exploded aerosol materials were 
more sharply defined and the background of scattered particles was not 
found. In additional test cases, aerosols were generated by exploding a 
cartridge of metallic powder, namely, zinc , aluminum, iron or . graphite. 
Usually, the deposit possessed a very dense central core area with the 
scattered background characteristic of deposits of the atomized material. 
2. Nature of Particulates 
a. Optical Microscopy. From observations with the opti cal micro-
scope, it appeared that deposited material consisted always of a mixture of 
primary particles and agglomerated masses. The usual distribution seemed 
to be on the order of 20 to 40 pe r cent agglomerates (see Figure 28) . 
A particle s ize distribution for a zinc depos it at a point in the hazy c ir-
cumferential band indicated visible particulates which appeared to be pri-
mary (i.e., unagglomerated) in the diameter range from< 0 .4 to 3 microns 
with a preponderance of particles on the order of 0.4 to 0 . 8 micron. 
Agglomerates apparently ranged from 2 to 10 microns wi t h occasional masses 
as large as 30 mic rons. 
b . Electron Mi c roscopy 
(1) Deposit of Atomized Zinc Powder. Electron mic roscopy 
was more revealing than optical mic roscopy, Figure 29 shows the extent 





















A, B & C : Token in Circumferential Bond 
Defining Dense Core Deposit. 
D & E: Token in Scattered Background 
Beyond Dense Central Core . 
AEROSOL: Atomized Zinc Powder. 
Figure 29. Electron Micrographs of Zinc Deposit . 
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B, and C were taken in the circumferential band at llOOx magnificationo 
These mic rographs show that essentially all particulates consist of an 
agglomeratQon of fine primary particles (much more frequent t han the esti-
mate of 20 to 40 per cent of the optical microscopy study). Even t hose 
small particles (0.5 to 2 mi c r ons ) appear to be agglomerat es. It was noted 
in scanning the deposit sample with the electron microscope tha t very few 
true primary particles on the order of one mic ron were observed in the 
region of dense deposition. On the other hand, most of the part iculat es 
observed in the lightly scattered background outside the central core of 
the deposit were not agglomerates (Figure 29D). A very few small agglom-
erates were observed in this region (Figure 29E). There was a conspi cuous 
absence of large agglomerates. Furthermore, it can be seen t hat the 
agglomerates of Figure 29E are of a more simple character, consisting of 
fewer and larger primary constituents . 
(2) Deposit of Atomized Aluminum Oxide Powder. An electron 
micrograph sequence, corresponding to the optical micrograph sequence of 
Figure 28, is presented in Figure 30 . The same aluminum oxide deposit was 
used in both studies. The sequence of micrographs A, B, C a nd D, shown 
here at a magnification of 2300x, were t aken at the respective radial dis-
tances (measured f r om the center of the deposit) of 1, 10, 14 and 15 . 5 
millimeters. The comparative dens i t y of the deposit at each point, and 
the s ize, frequency, and complexity of agglomerates is i mmedia tely obvious . 
The agglomerates of the outer periphery of the deposit (micrograph D) are 
generally smaller and less complex than those in the more dense deposit 
region. This is illustrated clearly i n micrograph E taken at 15 . 5 milli -
meters at a magnification of 5500x . An attempt to obtain micrographs of 
the few particles beyond the 15.5 millimeter radius was unsuccessful be-
cause of the scarcity of particulate material. 
(3) Deposit of Magnesium Oxide Produced by Burning 
Magnesium. In view of the extent of agglomeration heretofore unsuspected, 
a deposit of magnes ium oxide particles generated by burning magnesium 
ribbon was studied. The results are shown in Figure 31 . Al l micrographs 
were taken of particulate material stripped from the outer peri phery of 
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NOTE: This Sequence Corresponds to the 
Optical Micrograph Sequence Of 
Figure 27. Micrographs were taken 
at the Radial Distances Indicated 
Below. 
A. 1.0 mm 
B. 10.0 mm 
c. 14.0 mm 
D. 15.5 mm 
E. 15.5 mm 
AEROSOL: Aluminum Oxide (Dispersed 
Powder) 















Figure 31 . Electron Microgr aphs of Magnesium Oxide Deposit . All 
microgr aphs t aken at the outer periphery of the deposit . 
Aeros ol produced by burning magnesium ribbon in air . 
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the deposit. Shots A and Bare shown at a magnification of 2300x wbeTe ' 
the relative extent of agglomeration is evident . Tne predominant primary 
particle size was considerably less than one micronj however, most agglom-
erated masses are on the order of one to two microns. A large number of 
unagglomerated primary particles on the order of 0.5 micron were obs'erved. 
Shots C and D are at 8000x magnification where the cubic cdnfiguration 
of the primary particles as well as the relative simplicity of agglome-
ration is emphasized. 
(4) Deposits from Silver and Platinum Aerosols Produced 
by Exploding Wire Technique. Very interesting results were obtained in 
the electron microscopy of aerosols generated by the exploding element 
technique. Figure 32 shows particulate material precipitated from aerosols 
of metallic silver (micrographs A, B and C) and platinum (micrographs D, 
E and F). Figure 32A at a magnification of 8000x shows essentially all 
the material highly agglomerated with complex particulates ranging from 
less than 0.1 to about 2 microns in diameter . The predominant agglomerate 
diameter seems to be about one micron. Micrographs B and C show the complex 
silver agglomerates at a magnification of 23,000x , A range in primary par-
ticle sizes may be observed in the micrographs from 0.01 to 0 .15 micron. 
Figure 32D shows a deposit of platinum particulates at l2,900x. Again the 
material is highly agglomerated and most of the complex deposits, while not 
clearly distinguishable, appear to be less than 0.5 mic ron in diameter. 
Figure 32E shows the extremely complex agglomeration at 18,900x and Figure 
32F at 22,800x shows the primary particle range from less than 0 . 005 to 
0.10 micron in diameter. 
(5) Deposit from Aluminum Oxide Aerosol Produced by Explod-
ing Wire Technique. The results of a study of aluminum oxide deposits from 
an aerosol gene rated by exploding aluminum foil ~n air are presented in 
Figure 33 . The r elative deposit densities at the extremes of the circum-
ferential band defining the qeposit are shown in micrographs A and B at 
a magnification of l0,200x. Shot A was taken at the edge of the dense 
core, and shot B was taken at a radial distance one centimeter beyond this 
point. The individual agglomerates from another depos it are shown more 
c learly in Figure 33C at l2,900x . These agglomerates are similar to those 
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SILVER PLATINUM 
1 f.l 1 f.l 
~ 
A. 8000X D. 12,900X 
I 
1 f.l 1 f.l 
B. 23,000X E. 18,900X 
1 f.l 
C. 23,000X F. 22,800X 
Figure 32 . Electron Micrographs of Silver and Platinum Deposits . Micrographs 
A, B a nd C are of Silver Deposit. Micrographs D, E and F are of 
Platinum Deposit . Both Metallic Aerosols Produced by Exploding 
Wire Technique . 
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1 11 1 11 
I I 
A. 10,200X B. 10,200X 
'\ ~- . < .. 
1 11 1 11 
C. 12,900X D. 18,900X 
1 11 1 11 
E. 23,000X F. 23,000X 
Figure 33 · Electron Micrographs of Exploded Aluminum Oxide Deposit. Al uminum 
oxide aerosol produced by exploding aluminum fo i l in air. 
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of the metallic aerosols, both in complexity and size. The extremes in 
primary particle diame-cer (from less than 0.01 to 0 .l rrdcron ) as well as 
the complex structure of the large agglomerated mass is illustrated in 
micrograph D, The perfectly sphericai configuration of the primary par-
ticles is shown clearly in Figures 33E and F a-c a magnification of 23,000x. 
(6) Deposit from Composite Sodium Cl'lloride Aerosol. In an 
effort to compare directly the thermal force on large primary particles 
(i.e., diameter on the order of one micron) with that on agglomerates of 
the same diameter composed of very small primary particles, a composite 
aerosol of sodium chloride was prepared. -Tne agglomerates of fine 
particles were produced by exploding a concentrated sodium chloride solu-
tion. The large primary particle component was produced by dispersing 
the particulate material in the fine particle aerosol. The deposit which 
was obtained consisted of a central core deposit of relatively high density 
fading into a scattered deposit of low density. Figure 34A is an optical 
micrograph ~aken at the periphery of the central core area at a magnifi-
cation of 64ox. A few of the larger particles (diameter range frorr. l to 
5 microns) are visible in the center. These P,articles were observed in 
random scattering over the entire collecting disk surface. The irregular 
particles and those not so well resolved in the optical micrograph are 
shown more clearly in the electron micrograph of 34B at 2300x. Still 
more detail is visible in Figure 34C at i3, OOOx magnification and in Figures 
34D and E at a magnification of 23,000x. 
3 · Significance of Observations 
As will be shown in the discussion of results )> the information 
on the properties of the aerosol particles presented above has provided a 
basis for t he interpretation of several of the apparent anomalies of 
thermal force phenomena. This detailed knowledge of agglomerate compo-
sition is only qualitatively applicable to aerosols which cons ist of 
agglomerated clouds (including a wide range in size and complexity) as 
well as primary particles. The difficulties associated with a quantita-
tive analysis of the macroscopic precipitation phenorr,ena are obvious, and 
the problem could not be further resolved within the t i me limit of this 
investigation . 
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Figure 34 . Micrographs of Sodium Chlori de Deposit . Composite aerosol was 
produ ced by both exploding wire techniQue and dispersion of 
solid power. 
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D. Direct Observation of Particulate Behavior 
1. General Observations 
For comparison with the results of the thermal precipitation 
study, thermal force data were collected also with the modified Millikan 
apparatus. The data were obtained by the direct observati on of particle 
behavior using the experimental procedure outlined in Section V. The 
thermal components of velocity and force were computed in accordance with 
the equations 6.18 and 6.l9b. Experiments were conducted with a number 
of aerosols, including magnesium oxide, aluminum oxide, carbon, zinc, 
aluminum, copper, and tobacco smoke. QMantitative results were obtained 
only with the first three particulate materials. In experiments using 
zinc, no measurable difference in terminal velocities was observed for a 
given particle falling with and without the imposed temperature gradient. 
Apparently, the thermal velocity component was negligible relative to the 
gravitational component in accordance with the theory of Epstein. In 
the case of alumin-wm and copper aerosols, the dispersed material consisted 
of particles too large : for accurate observations, i.e ., the terminal 
velocity of gravitational settling was t oo great f or precise veloc ity 
measurements. The individual tobacco smoke particles, on the other hand, 
proved to, be too small for observations, i.e., the excessive translat ional 
drift prevented continuous observation i n the limited depth of field of 
the optical system. Atomization of magnesium oxide, aluminum oxide, and 
carbon (Cabot Carbon, Sterling 92) produced particles suitable for experi-
mental observation. Several particles with apparent diameters in the 
range f r om 0•5 to 5 mic rons were observed i n each case a t two or three 
different temperature gradi ents. In all cases the observations were made 
at atmospheric pressure. 
2 . Experimental Data 
The significant results are presented i n Table X where t he most 
consistent data have been included to illustrate the typical magni tudes 
and particle size dependence of experimental forces for the various mate-
rials . These data were compiled by the selection of only the reproducible 
velocity components f or particl es observed at the indicated temperature 
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TABLE X 
EXPERIMENTAL DATA FROM THE DIRECT OBSERVATI ON OF PARTICLES 
USING THE MODIFIED MILLIKAN APPARATUS 
(A) (B) (c) (D) (E) (F) (G_) (H) 
Experimental Experimental 
. .a Theoretlcal Force 
Reduc ed Thesmal 
Force x 10 
Particulate Particulate Temperature Thermal Thermal Thermal Ratio [F.;.. adT] 
Material Diameter Gradient Velocit;y: x 104 Force x 1010 Force x 1010 E/ F t ·dy 
(Microns) ( 0 c/cm) (em/ Sec) (Dynes) (Dynes) (Dynes/°C) 
':tj 
1--'· 
MgO 0 .95 15.3 2.40 0.331 0 . 370 0 .895 4 .51 :J Ill 
MgO 0.95 15.3 2.63 0 .362 0 .370 0 .979 4.93 
f--' 
MgO 0.95 15.3 2.86 0.395 0 .310 1. 068 5.38 ~ (]) 
MgO 0.95 29.4 4.93 0.680 0.712 0 .956 4.82 'd 0 
I 
MgO 0.95 29.4 4.84 0 .668 0 . 712 0 . 940 4 . 73 ~ 
f--' MgO 2 .32 22.9 3-41 l. 29 1.35 0 . 955 4 .86 '" 0 
0 MgO 2.32 22.9 3·49 1.32 l. 35 0 . 977 4 . 97 '1:1 I '"i 
MgO 2.32 40.1 5.98 2.26 2.37 0.953 4.86 
0 
w . 
MgO 2.32 40.1 5.90 2.23 2 . 37 0 . 941 4.79 
(]) 
() 
MgO 3.69 12.1 1. 25 0 .76 1. 14 0 . 667 3·39 
c+ 
MgO 3.69 12.1 1. 68 1. 02 1.14 0 .894 4.56 2: 0 
MgO 3.69 12.1 1.86 1.13 1.14 0 .991 5 .05-
MgO 3.69 31.5 4.59 2.78 2.96 0 . 939 4 . 77 
tJj 
I 




Gas Car'bon 0.651 17.1 0.72 0.0642 0 .095 0 . 676 1.15 
Gas Carbon 0.651 17. 1 0 .57 0.0508 0.095 0 .535 0 . 91 
Gas Carbon 0.651 17.1 0 .16 0. 0143 0 . 095 0 .16o 0 .26 / 
Gas Carbon 0 .651 38.4 1.34 0 .119 0.213 0 . 559 0 . 95 
Gas Carbon 0.651 38.4 1.16 0 .103 o. 213 0 .484 0 .82 
Gas Carbon 2.94 22.9 0.88 0 .415 0 . 576 0 . 721 l. 23 
Gas Carbon 2.94 22.9 0.67 0 .316 0 . 576 0 .549 0 . 94 
Gas Carbon 2.94 43.9 1. 07 0 .505 1.103 0 .458 0 . 78 
Continued 
TABLE X (Concl uded) 
EXPERIMENTAL DATA FROM THE DIRECT OBSERVATION OF PARTI CLES 
USING THE MODIFIED MI LLIKAN APPARATUS 
(A) (B) (C) (D) (E) (F) (G) (H) 
Experimental Experimental Theoretical a For ce 
Reduced Thermal 
Force x 108 
Particulate Particulate Temperature Thermal 4 Thermal 10 Thermal 10 Ratio dT 
Material Diameter Gradient Veloc ity x 10 For ce x 10 For ce x 10 E/F [Ft+ aery) --





Al203 0 .743 18 .5 4.99 0 .517 0 . 576 0 .898 7· 53 
1--' 
:::0 








I Al203 0 .743 33 .1 8 .90 0 .922 1 .012 0. 910 7. 50 '""d 1--' .., 
0 
Al203 7. 61 
0 
1--' 1. 68 12.5 3 .08 0 . 799 0 .865 0 .923 '--'· 
I (1) 
Al203 1.68 0.833 0 .865 0 .963 7. 94 
() 
12 .5 3 .21 c+ 
Al203 1.68 43 ·5 10 .63 2. 76 3.01 0.917 7.56 ~ 
Al203 1.68 43.5 11.06 2.87 3 .01 0 . 955 7.86 tJj I 
Al203 5.28 1.82 0 . 943 7,.76 
1--' 
2.12 22 .1 1.93 V1 \0 
Al203 2.12 22 .1 5·15 l. 78 1.93 0 .923 7. 59 
Al203 2.12 31 .3 7.63 2.63 2. 73 0 .964 7·93 
Al203 2 .i2 31.3 7·33 2.52 2. 73 0 .924 7. 59 
Al203 2. 12 40.9 9 .65 3·33 3· 57 0 .933 7.69 
a I o -Theoretical value for MgO based on thermal conductivity of the pressed brick, k = 0.00271 cal em sec K. 
That for Al2o3 and gas carbon based on thermal conductivity of the powder. p 
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gradients. Where reproducibility could not be achieved, the data were dis-
carded. This technique of selecting data was essential because of the 
excessive experimental deviations sometimes observed . The indirectly 
measured thermal velocity component was occasionally lower than the repro-
ducible value by a factor of three and sometimes higher by a factor of ten . 
Such extreme deviations are not surprising in view of the fact that ther-
mal velocity components were typically 5 to 20 per cent of the total 
velocity . For example, a decrease in the time of descent on the order 
of 0.2 second was recorded for an observed gravitational settling time of 
about 2 seconds. The reliability of experimental results is considered 
much more acceptable than the extreme deviations suggest, The reliability 
is indicated by the consistency of reproducible measurements for a given 
particle at different temperature gradients and by the consistency of 
force evaluations for particles of various diameters. 
The experimental thermal velocities are presented in Figure 35 where 
the thermal velocity component has been plotted against temperature gradi -
ent. The dependence of thermal velocity on particle size, due primarily 
to the slip effect, is illustrated here also. 
The typical experimental thermal forces observed for magnesium oxide, 
aluminum oxide, and gas carbon are illustrated in Figures 36, 37 and 38, 
respectively . Aga i n, the temperature gradient scale is the abcissa . 
Theoretical force curves (solid lines) have been included for comparison . 
Close correlation between experimental and theoretical results fo r alumi -
num oxide was obtained by using the thermal conductivity of the pressed 
powder in computationso Closest correlation in the case of magnesium 
oxide was obtained by using the thermal conductivity of magnesia brick. 
Fair agreement between experimental and theoretical values for gas carbon 
was obtained by using the value reported for the powder . 
The results which have been presented are thus somewhat incongruous 
and the correlation with theoretical values seems dependent upon the al-
most arbitrary assignment of t hermal conductivity. Furthermore, this 
experimental technique was apparently restricted (by the physical limita-
tions of the apparatus) to the study of particulate materials of low 
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Figur e 35 . Obse rved The rmal Velocit y Dependence Upon Temperatur e Gradient, 
Particle Size and Pa rt i culate Mater i al . 
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Figure 36. Experimental Thermal Forces for Magnesium Oxide Based on 
Direct Observation of Particulate Behavior. 
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Figure 37 . Experimental Thermal Forces for Aluminum Oxide Based on Direct 
Observation of Partic ul ate Behavior . 
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Figure 38 . Experimental Thermal Forces for Gas Carbon Based on Direct 
Observation of Particulate Behavior . 
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thermal conductivity. Since some data had been obtained for comparison 
with the results of the precipitation study, the modified Millikan cell 
investigation was discontinued. -
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X. ANALYSIS OF ERRORS 
A. Errors Inherent in Thermal Precipitation Evaluation 
The evaluation of experimental data involves errors inherent in both 
mathematical simplifications and experimental measurements. Before any 
true correlation of these results with theory is made, the establishment 
of reasonable confidence limits is desirabl e. 
1. Errors of Method 
a. The Assumptions Involved in the Derivation of Horizontal 
Velocity Components. In Section VI, dealing with the calculation of 
experimental thermal velocities and forces, the key simplifying assump-
tions involved in the derivation of the equations have been enumerat ed. 
The related errors of method will be considered briefly. In deriving the 
horizontal velocity component of the airborne particle as it moves radi-
ally between the parallel plates of the precipitator, the following 
assumptions were made : (1) fluid flow is laminar, (2) entrance effect s 
are negligible, (3) fluid properties are constant, and (4) the horizontal 
particulate velocity component at any time is equal to that of the flow-
ing flud.d at the same point. 
(l) The Assumption of Laminar Fluid Flow. With regard 
to the first assumption, the stability criterion for a flowi ng system 
is established by a critical Reynolds number, or its equivalent, that 
defines a maximum tolerable velocity. The Reynolds number, NRe' can be 
written in any of several dimensionless forms, e.g., as 
N = 
Re (10 . 1) 
where D is a characteristic linear dimension of the flow channel, V is 
the linear velocity of the flowing fluid, p is the fluid density, and 
~ is the absolute viscosity of the f l uid. It has been found that the 
critical Reynolds number for transition to turbulent flow in tubes is 
about 2300, and that, under usual conditions, flow in tubes is turbulent 
when the Reynolds number exceeds 3000 . By using the hydraulic radius defi -
nit ion to ascertain the characteristic linear dimension_, a maximum value, 
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NRe < 100, was computed for the radial flow precipitators used in this 
investigation. The usual fOI"'g_?f the Reynolds number, computed in this 
fashion, i s not strictly applicable to the radial system; but the value 
obtained suggests laminar flow. 
It is well known that the transition Reynolds number depends, in 
addition to other factors, on the variation of pressure and velocity along 
a surface . Specifically, it has been observed that a flow deceleration 
lowers the critical Reynolds number. 9 Hence diverging radial flow may 
be expected to be less stable than rectilinear flow. An express i on for 
the stability criterion has been derived by McGinn
22 
in a study of the 






< l (10.2) 
which is essentially a Reynolds number multiplied by the ratio of two 
characteristic lengths. In the above, K is an energy correction factorJ 
the value of which depends on the shape of the velocity profile; L is 
the distance between plates; and r is the inlet radius. The remaining 
0 
symbols were defined previously . The value of cr computed for the experi-
mental system is on the order of 0 . 5. Thus the requirements for laminar 
flow are fulfilled . It should be noted that the use of the inequality, 
equation 10.2, as a stability cri terion has been justified only by its 
successful application to limited experimental data for liquid flow . 
Sti ll, it appears that the as sumption of laminar flow is well justified. 
(2) The Evaluation of Entrance Effects. The entrance 
effects on thermal precipitation cannot be readily evaluated . Neither 
has a s tudy of entranc e effects for the radial flow system been found 
in the literature, but, due to the similarity between the parabolic 
velocity profiles of both radial and tube flow, some qualitative conclu-
sions can be reach by analogy. It has been found that an entrance length, 
X J on the order of 
e 
X 
e 0 . 035 DNRe 
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2 
is required for the build-up to the parabolic profiles· , In equation 10.3 , 
D is the diameter of a tube and NRe is the customary Reynolds number. The 
application of this empirical relationship t o a radial f low system is some-
what ambiguous since the pl ate separation is not directly equivalent to 
tube diameter. A Reynolds number should be defined specifically f or the 
system. Generally, however, for small Reynolds numbers the ratio, X / D, e 
is small, and for close plate separations, the entrance length requi red 
for the establishment of a parabolic velocity profile is also small . If 
equation 10.3 is even roughly applicable t o the radial flow precipitator 
then the velocity profile is probably established within the first 2 or 3 
millimeters of radial distance. While this entrance length is on the 
order of 20 per cent of the typical deposit radius, this p ercent age is 
not indicative of the error introduced by neglecting t he entrance effects . 
This is apparent, when one cons.lilers the development of the momentum bound-
ary layer from the wall out, real izing that the particl es of concern are 
those which begin their trajectory nea r est t he hot plate surface . The air 
enters the zone between plates with a l inear (vertical) velocity profile, 
but the layers adjacent to the plates a re quickly decelerated as the momen-
tum is redistributed. Thus the air close to the plates a ssumes a velocity 
consistent with the parabolic profile i n a short t i me relative t o that 
required for its complete development. Furthermore, there is a mass f lux 
directed towa rd the center of the flowing stream associated with its 
acceleration . A similar approach may be used in evaluating the entrance 
effect in the establishment of a temperature profil e . By boundary layer 
theory31 it can be shown that the rate of devel opment of a temperature pro~ 
file can be r elat ed to the rate of momentum boundary layer development; and 
that the relative rate is dependent upon the Prandtl number, NPr' a property 
of the fluid defined by 
c l) 
N = _E_ 
Pr k 
where C is t he heat transfer capacity at constant pressure, 
p 
k is t h e thermal conductivity, and 
~ is the viscosity. 
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Where gases are concerned, the Prandtl number is near unity and the rate 
of development of both temperature and velocity profiles is essentially 
the same. This leads to the conclusion that entrance lengths are no 
greater for the establishment of temperature profiles than for velocity 
profiles. A consideration of the development of the temperature profile 
' .. " . . '" .. . . 
from the hot plate outward does not simplify tlie'· eval uation of entrance 
effects. If the aerosol enters the precipitator at some temperature near 
that of the cold plate, then the temperature gradient near the hot plate 
is initially very great and it seems that an aerosol particle in this 
region might be subjected to a proportionally large thermal force . 
In order to evaluate the total entrance effect one must consider 
three factors which act simultaneously during the development of the pro-
files to influence the motion of a suspended particle. These are (1) an 
initial horizontal velocity component higher than that defined by the 
established profile, (2) a thermal gradient greater than that of the 
linear steady state profile7 and (3) a mass flux component in the verti -
cal direction. The first of these factors tends to increase the deposit 
radius while the second and third tend to decrease it . 
It would be presumptuous to assign a value to the error of entrance 
effects without a more thorough analysis. Still, some logical limits 
of this e rror may be estimated in the following manner . If the par-
ticles' horizontal velocity is initially equal to that of t he incoming 
gas, then the deposit radius will be greater than that fo r a trajectory 
defined by a parabolic profile by an inc rement which must be l ess than 
the entrance length. The force in turn is inversely proport ional to t he 
difference between the squares of the inlet radius and the deposit radius . 
I f the rough estimate for t he ent rance lengt h given above is used to 
evaluate the force error, i t t urns out that the apparent force (computed 
from an observed depos i t radius) would be about 30 per cent l ow . 
The last two factors listed above can be considered jointly . It 
may be recalled that t he mass flux and the temperature gradient are 
associated with the development of boundary layers . The greatest con-
ceivable influence of these factors upon a particle woul d be manifest 
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in keeping it at the surface of the boundary layer , It is possible to 
visualize a boundar y layer surface or iginating at the inlet ir_ the hot 
plate and sloping downward to a midplane at which i~ encounters the bound-
ary layer from the lower plate. The intercept marks -che full development 
of the profile. The particle which enters the prec ipita tion zone nearest 
the hot plate surface then may b e visual ized as sliding down the boundary 
layer surface until it reaches the point of fully developed temperature 
profilej whereupon it begins to follow a trajectory described by equations 
6.8 and 6.9. This concept ion is admittedly oversimplified, but it is 
analogous to the i dea of a dust - free space existing about the hot plate 
surface. An approaching particleJ being unable to penetrate its hypotheti-
cal boundary, would then be deflected along i ts surface . In the extrerr,eJ 
for a perfectly parabolic velocity profile, the particle traveling the 
greatest distance woul d have origj_nated ·near the midpoint between the ' 
plates. The deduced forc e would have ·been overestimated by a factor of 
about 2. ThereforeJ a reasonable error in the deduced fo r ce value due 
to entrance effects falls in t he range f rom +30 to - 50 per cent . 
(3) The Assumption of Constant Fluid Properties . Now, in 
consideration of the assumption of constant fluid properties, the viscosity 
and density are of primary concern . The maximum difference between hot 
and cold plate temperatures for "these experiments 1-1as on the order of 
130°C. The viscosity of air increases from about 180 to 238 micropoises 
over this temperature interva.lJ which gives a deviation of about ±· 15 per 
cent from the median value. The density decreases f r om about 12 . 05 x 10- 4 
8 4 -4 I to .3 x 10 gm cc over this temperature intervalJ which gives a deviation 
of about ± 20 per cent. The influences are cumulative, and the overall 
effect is manifest in a s.kewed veloc ity profile, i.e . J the assumption of 
a parabolic velocity profile is not correct . The general fo rm of this pro-
file will be retained, however, and the value of its maximum velocity, 
occurring at some point nearer the cold plat e that the ma~imum of a. t rue 
parabolic profile, will not be very different from that of the simplified 
case. Furthermore, the temperature gradient existing in the f l owing 
fluid causes its thermal conductivity to increase nearer the hot 
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plate. The result is a nonlinear temperature profile with the temperature 
gradient decreasing with increasing temperature toward the hot plate. As 
in the analysis of entrance effects, an accurate evaluation of error asso-
ciated with the assumpt ion of constant fluid properties calls for a more 
thorough mathematical analysis, and the solution of the problem is not 
immediately available. It appears that the error involved would be a low 
percentage. 
(4) The Assumptions Regarding the Horizontal Velocity 
Component. The assumption that the horizontal velocity component of the 
particle is equal to that of the flowing fluid at the same point is sound. 
As was shown by the simple calculation in section VIA, Calcul ation of 
Particulate Velocity, the time required for the particle to ad just to 95 
per cent of the velocity of t he flowing fluid is negligible. The error 
introduced is certainly less than 5 per cent . 
b. The Assumptions Involved in the Derivation of Precipitation 
Time and Vertical Particulate Veloc ity. The basic assumptions int~oduced 
in the derivation of precipitation time and vertical particle velocity are 
that the thermal fo rce is constant and that the particle of concern origi-
nated at the hot plate inlet . The latter was consider ed in the discussion 
of entrance effects. The former i mplies a linear temperature gradient and 
a fo r ce directly proportional to t emperature gradient . The nonl inearity of 
the temperature gradient was mentioned above. For the ent ire plate separa-
tion the linear assumption holds very well since the deviations f rom the 
average gradient, being positive in one extreme and negative in the other, 
tend to compensate for each other. Howev er, if the particle tra jectory 
originates at some point significantly below the hot pla te surface, the 
observed force may be in error by as much as a factor of two . 
The direct proportionality between thermal force and temperature gradi-
ent has been experimentaltY demonstrated many times and may be stipulated 
without the introduction of error. An addit i onal assumption int~oduced in 
this derivation was that of a negligible acceleration time for the partic l e 
in beginning its descent. An inertial force evaluation has shown this time 
to be negligible in comparis on to the total transit time . 
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c . Other Assumptions. The remaining assumptions introduced in 
the computation of velocities and forces are that the particle is spheri-
cal and that its mobility is independent of the temperature of the system 
and the nature of the particle. The actual deviation of particle geometry 
from a spherical form has been illustrated in the micrographs of the pre-
ceding section . The dependence of thermal force on particulate shape can-
not be evaluated mathematically. Conclusions regarding this error can only 
be based on the observation that the particulate material at the periphery 
of a deposit included numerous forms; all apparently were prec ipitated with 
comparable velocities. Hence, it is deduced that both thermal and drag forces 
are dependent upon shape, as well as size, in such a way as to balance the 
effect. 
Finally, in regard to the assumptions concerning the mobility of the 
particle, reference is made to its definition (equation 6 .14). It is 
evident from the presence of the viscosity term in the denominator of the 
equation that the mobility is temperature dependent. Furthermore, the 
inclusion of the s lip factor indicates that it i s also dependent upon the 
nature of the particle s ince the slip-factor coeffi cients may be related 
to the accommodation coefficient . In the Knudsen number region of con-
cern, the slip correction i s not very much different fromuni~ and the 
nature of the material is unimportant. Likewise, it appears that the 
assumption of constant mobility i s acceptable if a mean temperature is 
chosen for its evaluation. 
d. Confidence Limits. I n placing conf idence l imits upon the 
equations used for analysis of data, the combined error assoc iated with 
the individual assumptions must be considered. The two most significant 
factors involved are the entrance effects and the nonlinearity of t he 
temperature profile . For the fo rmer a reasonable estimate of error was 
+30 to -50 per cent, the lower limit occurri ng when the particle enters 
the precipitation zone at midpoint. It is under this condition that the 
error due to a nonlinaar temperature profile is greatest . The probable 
e rror of these two effects combined may be included reasonably in a 
range from +30 to -75 per cent. With the nominal errors which might be 
ascribed to all other simplifications i ncluded, i t seems most unlikely 
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that the actual force could be more than twice the deduced force or less 
than one fifth its value. 
2. Experimental Errors 
a. Direct Measurements. In thermal force evaluation from pre-
cipitation experiments, the following physical measurements were obtained: 
precipitator plate separation, hot and cold plate temperature, aerosol 
flow rate, deposit radius, particle size and operating pressure. Limits 
for experimental errors have been assigned where possible for both the ran-
dom (or accidental) errors in measurement and the systematic or constant 
errors which have a bearing on the accuracy of experimental observations. 
(1) Plate Separation . For any given series of experiments, 
i.e., for a single precipitator, the plate separation measurements were 
subject to a precision error of ± 7 per cent due to variations in collecting 
disk thickness, surface irregularities, and variable film thickness in the 
wetted heat transfer seal between collecting disk and cold plate . The sys-
tematic error, which includes the machining tolerances in the fabrication 
of the precipitator, introduces an additional uncertainty in the accuracy 
of the measurement on the order of ± 10 per cent , which is reflected in 
experimental deviations observed when different precipitators are used. 
Efforts were always made to minimize the precision error by measuring the 
collecting disks before insertion, by positioning them in such a way that 
surface irregularities in both disk and precipitator were mated, and by 
using as few disks as practicable for a given series of experiments. 
(2) Plate Temperatures. Pl ate temperatures were measured 
with a copper-constantan thermocouple and potentiometer assembly cali-
o brated for± 0.5 C accuracy. The thermocouples were imbedded in the brass 
plates. The temperature of the cold plate surface was estimated by a 
steady state heat transfer calculation which indicated a temperature drop 
in the range from 1° to 3° C across the fluid film and the gl ass col lecting-
disk. In some of the earlier observations, this temperature drop: was 
neglected and the maximum error associated with the temperature drop across 
the flowing aerosol may have been as large as ! 20 per cent. For most ob-
servations the maximum precision error which allows for temperature 
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fluctuation during the experiment was on the order of ± 5 per cent, 
giving a maximum uncertainty in the accuracy of the measurement on the 
order of + 10 per cent . 
(3) Aerosol Flow R~te s The aerosol flow rate was mea-
sured by timing the rate of descent of a liquid miniscus in a calibrated 
cylinder . The cylinder was graduated in 100 cubic centimeter incremepts 
' for a capacity of 2.5 liters. Constant flow control was maintained and 
the random error in the precision of measurement has been estimated less 
than ± 5 per cent. The accuracy of flow rate measurements, allowing 
for the systematic error associated with the calibration of the cylinders, 
has been estimated uncertain by ± 7 per cent. 
(4) Deposit Radius. The method of measuring deposit 
radii and the nature of deposits have been discussed in detail in pre-
ced ing sections. Since the periphery of a deposit was defined by a 
circumferential band of rapidly decreasing density, rather than by 
abrupt discontinuity, a certain error of observer judgment is introduced 
into the measurement of deposit radii . Still, in the cases of complete 
deposition, there was always a finite limit to this uncertainty, defined 
by the radial distance between the points of maximum density and complete 
absence of particulate matter. This maximum uncer tainty, characteristic 
of the accuracy of the measurement, has been evaluated at ± 20 per cent. 
The precision error, associated with the reproducibility of results, is 
considerably less as indicated by t he consistency of measurements and 
has been estimated less than ± 10 per cent. The precision error stems 
from variation in overall deposit density and variation in deposit radius 
around its ci r cumference . The accuracy of radial measurements is par-
tially dependent upon the nature of the particulate material. Where 
deposits are sharply defined, as in the case of magnesium oxide, a lumi-
num oxide, or exploded materials, the foregoing analysis is appli-
cable, though deviations were frequently less than indicated above . On 
the other hand, in the case of atomized metallic powders, the definition 
of the dense central core region was l a rgely guesswork with estimates 
which might have been inaccurate by a factor of two . Such measurements 
have not been given as much significa nc e a s those wh•i ch are more definite 
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however, and therefore do not warrant quantitative consideration in the 
evaluation of experimental error. In fact, it is possible that the in-
definite deposit boundary reflects a variation in the nature of the 
individual particles (e.g., variable particulate thermal conductivity due 
to agglomeration and/or compactness) and, in that sense, is not actually 
an experimental error. This factor will be discussed more thoroughly 
later. 
(5) Particle Size. Par~icle sizes were usually measured 
with an optical micrometer. Electronmicroscopy has revealed the fallacy 
of these measurements, but the error thereby introduced into thermal ve-
locity and force evaluations is generally not serious. It has been 
shown, both theoretically and experimentally, tha t thermal velocity is 
essentially independent of particle diameter; an effect substanti ated by 
the observation of a range of particle sizes in the periphery of a deposit. 
Therefore, the radius of a precipitated deposit is dependent on particle 
size only to the degree of significance of the gravitational velocity 
component . For small particles or materials of low density, this error 
in thermal velocity component is usually less than ~· 10 per cent. A 
thermal force evaluation for any specific particle diameter in the ob-
served range possesses an erro r of comparable percentage due to t his source . 
For more dense particulate materials, such as platinum or silver, the 
value of thermal velocity may be in error by as much as a factor of two. 
(6) Pressure . The pressure of the aerosol entering the 
precipitator was measured with a mercury manometer. The slight pressure 
differential imposed to induce aerosol flow has been considered negligible 
and the measured value has therefore been taken as the pressure unde r 
which precipitation occurs . The precision of pressure measurement has 
been assigned a libe ral error of~ 0. 5 per cent. The inaccuracy of assign-
ing the observed value to the precipitation pressure is probably less than 
± 2 per cent , however the influence of pressure on precipitator deposition 
is magnified, due to its contribution to both thermal force and drag re-
sistance . It has -been estimated that the maximum error from this source 
could be no more than ± 10 per cent. 
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b. Propagation of Experimental Errors in Computation of Thermal 
Velocities ar.d Forces. In the estimation of overall precision and accuracy, 
it is necessary to consider not only the errors of method a nd t he errors of 
measurement, ·but also t he propagation of errors. It is evident that the 
error in a calculated value which is a f unc t ion of directly measured quanti-
ties depends upon the nature of the function and the magnitudes of t he i ndi-
vidual quanti ties and errors. Thu.s9 the reliability of the therma l f orce 
and velocity values obtained from experimental observations varies with the 
operating conditions of the precipitator and aerosol used. Typical therrr~l 
force evaluations have been examined as a guide in the establishrr$nt of 
confidence limits. 
An evaluation of error propagation based on the prec ipitation of mag-
nesium oxide under moderate operating conditions gave the following resul ts. 
The vertical particulate velocity, V ~ 0. 248 em/sec, computed from equa-
y 
tion 6.11, involves measurements of aerosol flow rate and deposit r a dius. 
The accuracy errors of ± 7 per cent and ± 20 per cent associated respectively 
with the individual measurements of these variables gives r i se to a maximum 
uncertainty in the velocity of +72 to - 36 per cent . If t he vertical par-
ticulate velocity is resolved into its thermal and gravitational components 
in accordance with equation 6 .19a, the uncertainty in the thermal velocity 
is seen to be dependent upon the relative magnit ude of the gravitational 
velocity component (equat ion 6 . 20) . The gravitational component· may range 
f rom about 1 to 25 per cent of the total vert ical velocit y, its val ue being 
det ermined by the particulate radius, a, chosen as a basis fo r compu t ation 
from the observed range of particle s i zes, i .e., 0 . 25 < a < 0 . 75 mi cron. 
The maximum deviat i on i ntrod'..lced in thermal velocit y a t tri butable t o the 
arbitrary assignment of particle r adius i s on the order of +5 t o -10 per 
cent, a nd the overall experimental uncertainity i n i ts evaluation fal l s with -
in the range f rom -46 t o +78 per cent . Its magnitude must t h en be in the 
range 0.126 < Vt< 0.418 em/sec . Tne magnitude of t h e thermal f orce (equa-
t ion 6.18) will vary considerably, 0.94 x 10-8 < Ft < 9.17 x 10-
8 
dynes, 
depending upon the chosen particle r a dius ; however, the uncer taint y in its 
evaluation i s only s l ightly dependent upon this factor . It can be shown 
-8 t hat the eva~uation for a 0 . 5-mic ron diameter gives Ft = 1. 50 x 10 dynes 
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with an uncertainty of ~75 to -37 per cent. The evaluation for a 1.5 micron 
diameter gives Ft= 5.03 x 10-8 dynes with an uncertainty of +82 to -42 per 
cent. Furthermore, it can be seen that regardless of the particle size, the 
ratio of thermal force to particle radius, Ft/a, is given by the computed 
value, 6 .92 x 10-4 dynes/em, with an uncertainty of +78 to -46 per cent. 
The use of this ratio instead of force alone can relieve the uncertainty in 
particle size. Hence, it is evident that the inaccuracy in the experimental 
observation is not significantly increased in going from particulate velocity 
to thermal force. 
It should be noted that the foregoing evaluation involves only those 
experimental measurements used in the computation of thermal force. The 
magnitude of this experimental force is dependent upon t .he operating con-
ditions of the precipitator and has been evaluated for a given pressure, 
temperature gradient, and absolute temperature. The uncertainty in the 
measurement of these conditions results in additional inaccuracy which 
becomes important when a comparison of experimental and theoretical values 
is made. It can be shown that the individual errors in the measurement 
of these operating variables are such that the proper value for the experi-
mental force may exceed the range indicated above by a factor of l. 5 or 
may be lower by a factor of 0.7. Thus an adequate allowance for the maxi-
mum error of experimental measurements places the indirectly observed force 
somewhere in the range from a·bout 0. 38 to 2 . 7 times the computed value . 
c. Estimate of Probable Experimental Error. The range of in-
accuracy given above is based upon a very generous assignment of errors, 
and the l iklihood of an overall error of the magnitude indicated by the 
above limits is most improbable since it could exist only if all the indi-
vidual errors extremes occurred simultaneously in such a way as to maximize 
or minimize the computed force . A more probable and useful evaluation of 
experimental uncertainty may be based on observed experimental deviations, 
even though the data available are inadequate for a r eliable statistical 
analysis. The following evalution is therefore of the nature of an esti-
mate and should be regarded as such . However, the data are sufficiently 
abundant so that aonfidence may be placed in t he relative observations. 
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Individual series of experiments employing a single precipitator pro-
duced data of consistency such that observed deviations in the quantity 
(r 2 - r 2 ) were generally within± 5 per cent of the median value for 
d 0 
linear dependence upon aerosol flow rate (c.f., Figure 24, noting discus-
sion regarding the excessive deviation of the two points at the upper 
extreme). This deviation, indicative of the reproducibil ity of the experi -
ment, includes the composite contribution of the individual precision 
errors associated with the measurements of temperature drop, aerosol flow 
rate, plate separation, pressure, and deposit radius. 
There remains the question of the accuracy of the measurementsJ and 
the additional inaccuracy of sys tematic errors must be estimated as before .. 
Since the precision error in the deposit radius measurement has been in-
cluded above, the additional inaccu racy ascribed to the somewhat arbitrary 
observer's definition of deposit boundary, is probably on the order of 
± 10 per o~nt. The additional uncertainties in the measurements of aerosol 
flow rate , temperature gradient, and pressure are probably less than ± 2., 
± 5, and ! 2 per cent, reEpectively. The range i n error of measurement 
associated with the computation of the vertical particulate velocity then 
drops between +33 and -25 per cent. The maximum deviation introduced in 
the thermal velocity attributable to the assignment of particle size remains 
on the order of +5 to •10 per cent, and the overall uncertainty in this 
velocity component ranges from +38 to -35 per cent. As before, no signifi-
cant increase in error is introduced in the calculation of thermal force 
from thermal velocity and the uncertainty in the thermal force calculation 
due to the propagation of measurement error r emains between +38 and -35 
per cent. The inaccuracy may exceed this range due to the uncertain mea-
surements of t emperature gradi ent, absolute temperature , and pressure. 
Th~ appropriate expansion of the above range indicates that the indirectly 
observed thermal force value is probably included between 0 . 5 to 1.8 t i mes 
the computed value . 
3 . Final Estimate of Experimental Uncertainty 
The above evaluation does not provide for the errors of method 
introduced through the simplifications and approximations in the derivation 
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of the equations which were employed ~. The estimation of maximum inaccuracy 
is greatly increased by their consideration(. The above range of uncer-
tainty must again be extended and it is concluded that the actual experi-
mental thermal force might be different from the computed value by a factor 
as large as 3 .5 or as small as 0 .1. 
Again} attention is called to the facts that generous limits of i n-
accuracy have been assigned and that the occurrence of the extreme error is 
highly improbable. The greatest uncertainty is interject ed through the 
error of methodj however} any substantial reduction in this uncertainty 
calls for a rigorous analysis which, at the present time} is not feasible. 
The foregoing treat~nt has been p resented primarily to emphasize the fact 
that caution must be exercised in drawing conclusions f rom thermal precipi-
tation data regarding the validity of theor etical therma l force equations. 
While the method may be inaccurate to the extent indicated above} 
the results thereby obtained are reliable for many purposes. The e rrors 
of method} as well as the systematic experimental inaccurac ies} are in-
herently identical for similar observations on the precipitation of vari ous 
materials. The limits of precision are fairly well indicated by the scat~ 
t e ring of data. It is evident that sound conclusions may be based on the 
relative effectiveness observed in the precipitation of various aerosols. 
B. Errors Inher ent in Direct Observation Experiments 
1. Expe rimental Errors 
Discussion of err or so far has been restricted to thermal p r ecipi-
tation experiments. Now} turning attention to the Millikan type experi -
ments} it becomes immediately evident that there are f ewer sources of un-
certainty in the direct observation of particulate behavior. The vertical 
particulate velocity and the gravitational velocity component are directly 
measurable. The thermal veloc ity component is computed as the differenc e 
between the two measured quantit i es} each of which poss esses experimental 
uncerta inty} so that the propagated error in the indirect measurement is 
highly dependent upon the r el a tive magnitudes of the velocity components. 
No matter how precise the individual direct measurements} the error in the 
thermal velocity b ecomes very large as the gravitational component approache s 
-l 2l -
Final Report, Project No. B-159 
the total vertical velocity. In the extreme, such observations lose their 
significance, as was experienced in the futile experiments with zinc powder. 
2. Scattering of Data as a Guide in Evalution of Error in Thermal 
Velocity 
The scattering of data may be considered as the best guide in 
the evaluation of error. The deviations in the indirectly measured 
thermal velocities for a given material were sometimes very large, as was 
mentioned in presentation of experimental-observations. They indicate 
maximum limits of error for any one particular observation which are com-
parably large. On the other hand, confidence limits may be based on the 
consistency of the reproducible velocity measurements for a given particle 
at different temperature gradients and on the consistency of force evalu-
ations for particles of different diameters (see Table IX). A reasonable 
precision error associated with the average value obtained from the 
selected data seems to be on the order of ± 15 per cent. As in the pre-
cipitation experiments, the thermal velocity has been determined for a 
given pressure, temperature gradient, and absolute temperature. The un-
certainty in their measurement, as well as in the determination of 
particle radius, introduces additional inaccuracy which must be taken 
into consideration for a comparison of experi mental and theoretical values. 
Confidence limits, which allow for these inaccuracies and for the reason-
able precision error, have been estimated such that the correct thermal 
velocity is probably not different from the indirectly observed value by 
more than ± 50 per cent. It should be noted that in the computation of 
these results, there is no error of method comparable to that introduced 
in the derivation of equations for the analysis of thermal precipitation. 
3· Confidence Limits for The rmal Force Evaluations 
The subsequent evaluation of the experimental thermal force re-
quires an estimate of the mobility of the particle and, henc e , a knowledge 
of its size. The diameter of the particle may be deduced from its ob~ 
served gravitational settling velocity, assuming that the particle is a 
sphere and that its density is known. The particle size determination 
is therefore subject to considerable error . An underestimation of particle 
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size (which is likely when the theoretical density values are used) is re-
flected in the evaluation of the experimental thermal force. This error 
may be reduced to the magnitude of the error assoc iated with the slip cor-
rection (usually less than ± 10 per cent) by dividing the experimental force 
by the particle radius. In the comparison of theoretical and experimental 
values for either thermal velocity or force, cancellation of the error due 
to particle size discrepancies occurs and the above stated confidence limits 
remain essentially unchanged. 
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XI. DISCUSSION OF RESULTS 
A. Review of Experimental Observations 
From the presentation of experimental observations it is apparent that 
the results are not always in close agreement with values which are computed 
by Epstein's force equation. In fact, there is evidence of internal incon-
sistency within these observations, which seems paradoxical in view of the 
reproducibility generally obtained. In reviewing experimental results, the 
following observations are noteworthy: (l) Materials such as oxides (pre-
sumably of l ow thermal conductivity) were easily precipitated. (2 ) Metallic 
aerosols produced by the dispersion (atomization) of powders were not com-
pletely precipitated, which indicates low thermal forces in accordanc e 
with theory. (3) The deposits of atomized metallic aerosols were charac -
terized by dense central regions that suggest exceptionally great forces 
on much of the suspended particulate material. (4) Particulate matter was 
always precipitated completely from aerosols generated by the exploding 
wire technique. (5) The experimental forces calculated from the precipi -
tation of these aerosols always appeared very great and seemed to be inde-
pendent of bulk thermal conductivity. (6) Detailed examination of precipi -
tated deposits and of individual particles indicated extensive agglomeration 
where effective precipitation of materials of high bulk thermal conductivity 
occurred. (7) Direct observations of particulate behavior (modified Milli-
kan experiment) were generally in agreement with theory provided an effec-
t i ve particulate thermal conductivity was assumed close to the values 
reported for the bulk powder. 
While experimental error may account for the slightly high thermal 
force observed in the precipitation of nonmetallic particles, it cannot 
explain the efficient precipitation sometimes observed with metallic aero-
sols . It has been suggested that t he inconsistent observations might be 
correlated with currently accepted theory by using an effective particu-
late thermal conductivity lower than that of the bulk material. The 
observed agglomeration of primary particles provides the basis for such an 
explanation . Before pursuing this interpretat ion further, the matter of 
particulate thermal conductivity and i ts role in t hermal force needs to be 
considered . 
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B. Significance of Thermal Conductivity in Theory 
The essential element in the derivation of Epstein's equation is the 
consideration of internal heat transfer. A proper thermal force evalua-
tion therefore, demands an accurate value for the particulate conductivi~ . 
Otherwise, the magnitud~ of the computed theoretical force is not of 
quantitative validity and cannot properly be referred to as Epstein ' s 
theoretical value. If the particle is a solid mass or a liquid droplet, 
its thermal conductivity may reasonably be assumed equivalent to that of 
the bulk material. On the other hand, if the particulate is a porous 
solid or an agglomerated mass of primary particles, the rate of internal 
heat transfer may be markedly decreased. The same thermal force equation 
seems still applicable as long as an effective thermal conductivity is used. 
Of course, the shape of an agglomerated particulate is probably not spheri-
cal and the thermal slip stream i s undoubtedly disrupted by the discontt-
nuity of its surface. In this case, however, the equation probably holds 
as well as for a rough irregular primary particle (one with a shape other 
than spherical). Some disagreement between experimental and theoretical 
results should be anticipated, the refore, because of the deviation of the 
real particles from the mathematical model . But, the major problem in the 
correlation of results lies in an accurate determination of the effective 
thermal conductivity. Heretofore, the thermal conductivity of the solid, 
the fused brick, or the pressed powder has been used arbitraril y in theo-
retical thermal force evaluations. 
C. Effective Thermal Conductivity of Solids Possessing Void Space 
The thermal conductivity of a solid possess ing voids is actually less 
than that of the homogeneous solid . This effec t has been subjected to 
investigation in its application to porous pol yc rystalline material s12 and 
to powders . 7,B,33 Simple correlations based on the porosity of the mate -
rial, the conductivity of the solid, and the conductivity of the gas have 
been successfully applied t o packed beds and porous solids, but have not 
been developed to the extent that predictions are certain, particularly 
for the large void fractions which may be encountered with very fine par-
ticles . Hence, the existing correlations are not strictl y applicable to 
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agglomerates, but their use in the interpretation of thermal force phenomena 
is interesting and informative. 
1. Porous Solids 
The effect of void space upon the thermal conductivity of a soli d 
depends upon whether the solid is a porous mass or an agglomerate of indi-
vidual primary particles . In the former case, the conductivity of the 
solid is reduced by the decrease in cross -sectional area due to porosity. 
At low temperatures, thermal transport across the pore volume by radiation 
is negligible. It has been theorized that under this condition the effec-
tive thermal conductivity is a linear function of the void fraction, and 
usuall y is not very much different from that of the solid of theoretical 
density. 
2. Powders 
A bed of powder, and likewise an agglomerated particle, is 
characterized by small regions or poi nts of contact between the solid 
particles of the powder. Most of t he conduction of heat takes place in 
the vicinity of the contacts. Hence, the effective thermal conductivity 
is dependent upon the size, shape, and arrangement of parti cles. In 
general, the solid contac t area i s very small and the effect ive conduc-
tivity is strongly dependent upon that of the gas. Furthermore, the 
thermal conductivity of the gas phase is reduced when the effective gas 
spaces have di mensions of the same order as the mean free pa~h of the 
gas molecules . Since mos t of the conduction, even in the gas phase, occurs 
near points of contact, this reduction becomes signi ficant when the par-
t icle diameter is many times the length of the mean free path. Deissler 
and Eian
8 
have determined a critical Knudsen number on the order of 
0. 00072 defining the "breakaway press~re" for a powder of rather large 
particles of magnes ium oxide . Below this poi nt the effective thermal 
conductivity decreases rapidly with pressure. Schotte33 has developed 
a correlation for predicting the thermal conductivi ty of packed beds for 
various conditions of pressure, t emperature, and particle s ize which 
indicates that the effective conductivity of a powder ma y approach that 
of the gas . Schotte stresses the fact that t he given correlation has 
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definite limits of tested applicability which exclude la:tgei 'vpid .. .fl:'actions 
and ratios of solid~to-gas thermal conductivities greater than 6,000. It 
is probable, however, that agglomerates such as those observed in thermal 
precipitation could have effective thermal conductivities much lower than 
that of the bulk solid. Also, it is clearly conceivable that their 
effective conductivities might approach that of the gas. If this is the 
case, the thermal force exerted upon agglomerated particulates might be ex-
pected to approach the limiting value given by Epstein's equation under 
the camdition that the particulate conductivity is equal to the gas phase 
conductivity. 
As was mentioned above, the effective thermal conductivity may be 
dependent upon the shape and arrangement of the primary particles. It 
will also be sensitive to the manner of particle contact and to surface 
irregularities, particularly for solids of high thermal conductivity. 
These factors have no.t .. been accounted :f.or in the referenced correlations. 
Therefore, the evaluation of the effective particulat~, conductivity would 
be uncertain, even if the range of applicability for the correlations 
were extended to include fine particle agglomerates. 
D. Estimates of Effective Particulate Thermal Conductivity 
1. Evidence of Agglomeration 
With the foregoing discussion in mind, some evaluations of 
effective particulate thermal conductivity have been attempted for the 
purpose of drawing qualitative conclusions regarding the experimental 
observations . In making an evaluation, it i s necessary to decide 
whether the particulate of concern is porous, nonporous, or agglomerated. 
This dec ision may be based on either or both of two sources of informa-
tion, viz . , electron mic rographs and a knowledge of the apparent density 
of the particle. The el ectron micrographs of Section IX indicate com-
plex agglomeration with large void fractions for all aerosolized mate-
rials produced by the expl oding wire technique. Where unagglomerated 
primary particles wer e observed, their diameter s were in t he range from 
0.005 to 0.1 micron. Electron mic rograph s of deposited part i culates 
generated by other techniques indicated both agglomerates and individual 
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primary particles in the diameter range near one mi cron. As for the 
knowledge of apparent density, Fuks13 quotes values for certain smokes 
including two materials of particular interest. He reports the apparent 
density of magnesium oxide particles produced by burning metallic magne-
sium in a range from 0.24 to 3.48 against the actual value of 3 . 6, and 
that of silver particles produced by condensation from electric arc 
vaporization in a range from 0.64 to 4.22 compared with the actual value 
of 10.5. These values, as well as the data for other aerosol particles 
cited by Fuks, indicate that a relatively high degree of agglomeration 
with a wide range of void fractions may generally be anticipated. 
2. Evaluation Based on Correlations for Powders 
The evaluations of effective t hermal conductivity have been 
based on the correlations of Deissler and Eian 
8 
and of Schotte. 33 It 
has been pointed out that due to the large void fractions associated 
with agglomeration, the correlation cannot properly be applied to fine 
dusts. However, the nature of th e correlation indicates t hat increasing 
the void fraction merely decreases t he effective conductivity. By 
assuming any void fraction greater t han 0.6 and any solid conductivity 
up to that of s ilver, it has been estimated that the effect i ve conduc-
tivity of an agglomerate from an aerosol produced by the exploding wire 
technique must be equal to or less than that of the gas. Similar evalua-
tions for void fractions in the range from 0.2 to 0.6 and primary particle 
diame ters between 0.1 and 1.0 mic ron indicate effective conductivities in 
the range from l to 20 t imes that of t he gas, depending upon t he ratio 
of solid-to-gas thermal conductivity. The higher value corresponds to a 
metallic powder of low void fraction. These evaluations lead to t he con-
clusion that even a slight degree of agglomer ation will result in a 
marked lowering of effective particulate conductivity. However, it is 
essentially impossible to make an evaluation fo r the simple agglomerate 
composed of few primary particles or f or the chain type of coagul ation 
since the analogy to a powder obviously breaks down and the nature of 
interfacial contact becomes most important. 
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3 . E;xperimental Observations Supporting Evaluation 
T.11.e above estimates of effective conductivity of fine powders 
are substantiated by the results of Smoluchowski's experimental study. 
These results , according to Jakob,
16 
show that the thermal conductivity 
of a number of grant~lar powders ( i ncluding q_uartz, zinc, soot, and 
diatomacious earth) becomes smaller than that of air at low pressures, 
and that decreasing the particle size permits this substantial lowering 
of conductivity to occur at much higher pressures. For example, a zinc 
dust consisting of 0 .028 mm grains was found to have the conductivity 
of air at a pressure slightly below 10 mm Hg. The same conductivity was 
observed for a powder consisting of 0.0062 rr~ grains at a pressure 
slightly below 50 rmn Hg. Soot was observed to have an effective conduc -
tivity near that of air at atmospheric pressure. Thermal conductivities 
3 to 10 times smaller than that of a ir have been obtained, even with 
metallic powders, at a pressure of 1.0 mm Hg. Also, a very fine silica 
aerogel (94 per cent air) apparently has a conductivity smaller than 
that of air at atmospheric pressure. Furthermore, the effective conduc-
tivities of all powders approached the same value at su.fficiently low 
pressures , 
E. Interpretation of Circumferential Band Observed in Thermal Precipita-
tion Deposits 
It seems likely that a given aerosol possesses a wide range of effec -
tive thermal c onduct ivi-cies between that of the gas (for complex agglome-
ration) and that of the primary partic les. It is poss ible that the 
dec rease in precipitated depos it density at the boundary (the hazy band) 
me r ely r eflects the corresponding r ange of effective particulate conduc-
tivities and is not indicative of fluctuating operating conditions. 
Since the thermal conductivites of most complex agglomerates might be 
very much lower than that of t he primary particle, they probably would 
determi ne the boundary of the dense central core of a deposit . Assuming 
that most of the particulate material i s present in t he aerosol in the 
form of complex agglomerates, the foL .. owing results woul d be antici -
pated. If the unagglomerated primary parti cles are very small, a s in 
the case of exploded aerosolized matter, they would not be observed 
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beyond the periphery of the deposit, which would be sharply defined. If 
the primary particles have a hi@l thermal conductivity, they would pass 
through the precipitator and might be exhausted from the system without pre-
' cipitat::.on. If the primary particles have a. low thenr:al conducti vity, 
they would be precipitated at some finite distance beyond the central 
core boundary to give a definite band width representing the extremes of 
particulate conductivity . If the >magglorrerated primary particles possess 
a. high thermal conductivity and represent a large fraction of airborne 
material, the central core comprised of deposited agglomerates would be 
visible; however, the remainder of the collecting disk would be covered 
with par-~icles due to gravitational settling or to relat ively weak thennal 
forces, These hypothetical results very nearly fit the experimental 
o·bservations. 
A simple check on this concept was made by computing the experimental 
velocities and forces associated vli t h the maxim.-..nn and minimum (l ight and 
dense) deposit radii for a typical alumir.um oxide depos.it . It was f ound 
that the range of thermal force values defined by these extremes almost 
bridged the gap between the modified Millikan cell results and t he maximum 
theoretical thennal force based or. equal gas and particulate t hermal e:on-
ducti vi ties. This range, and other average r esults of thi s investigation, 
can be compared most readily by discussing them in terms of a r educ ed 
thennal force defir.ed ·by dividing the thermal force by both the particl e 
radius and the temperature gradient. T~e r esults of this invest igation, 
along with theoretical values, are tabulated in Table XI. 
F. Correlation of Experimental Results with Theory 
A correlation of experimental r esul t s with theoretical values has 
been graphically illustrated i n Figure 39. I n this i.llustrat.ion the 
reduced thermal force based on Epstein's equation has been plotted 
against thennal conductivity. Theor etical points r ep r esenting the forces 
on certa.ir. materials have been i ndicated i n their appropriate positions 
on the curve . The ranges of experimentally obse rved f orces J not inc l ud-
ing estimated errors, have been ir.dicated on a graph to the l eft of t he 
theor etical curve . It is evider.t that results can be sati sfactorily 
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Source of Data Particulate Material Technique of Solid x 10 Force x 107 
(Cal/ Cm Sec°K) (Dynes/0 c) 
Epstein's theory Hypothetical particle 
'"%j 
0.0533 (kp =k~ 8.95 f-'· ::s 
P' 
Epstein's theory MgO powder 1. 46 0 .913 }--' 
~ 
Epstein's theory MgO p>ressed brick 2.71 0.509 (1) '"d 
0 
I Epstein's theory MgO Siolid 90 0. 016 1-i c+ 
}--' '" w Epstein's theory Al203 powder 1.63 0 .823 }--' 1-(j 
I 1-i 




Epstein's theory Al203 solid 80 0 . 018 
() 
c+ 
Epstein's theory Gas Carbon 8.26 0 .171 2: 0 
Epstein's theory Aluminum 504 0 . 00286 tJj 
I 




Epstein's theory Zinc 265 0 .00540 
Epstein's theory Pt 167 o . oo865 
Epstein's theory Silver 963 0 . 00149 
Direct observation MgO Mg burned in air 0.34 - . o . 54 
of particle 
Direct observation Al203 Dispe rsed powder 0 -73 - 0 . 79 
of particle 
Direct observation Gas Carbon Dispersed powder 0 .03 - 0 . 12 
of particle 
(Continued) 
TABLE XI (Continued) 
TABULATED SUMMARY OF THERMAL FORCE VALUES 
Thermal Reduced 
Aerosolization Conductivity Thermal 
Source of Data Particulate Material Technique of Solid x 103 For ce x 107 














1--' 4. 6 (avg.) 
... 
w Radial I MgO Mg burned in air 
(\) 1-tJ 





Radial I Al203 Dispersed powder 4. 0 (avg.) 0 c1-
Radial I Al203 Dispersed powder 1. 5 (min . ) ~ 
Radial I Carbon Dispersed powder 6 . 5 (Jna?< :) tJ:j 
<O . 0065 (min . ) 
I 
Radial I Carbon Dispersed powder 1--' V1 
4. 2 ( rri&X. ) 
\0 
Radial I Zinc , Iron Di spersed powder 
& Aluminum <o . oo65 (min. ) 
Radial I All Solids Exploded 8 .88 (max. ) 
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Pr ec ipitation of expl oded materials . 
Average value fo r prec i pi tation of Al20l with Linear Precipitator 
Pr ec ipitati on of Al20l and MgO with Pret:ipita tors I and I I. 
Based on circumferential band width observed in the precipitation 
of Al20l . . 
Direct particul ate observations , Al2o3 . Direct par ticul ate observations, MgO . 
Direct particulate observations, gas carbon . 
Prec ipitation of atomized metals. 
Prec i pitation of atomized carbon . 
Figure 39 . Correlation of Expe rimental and Theoretical Thermal Force Values. 
The points which have been l abeled on the curve are theoretical 
values for spec ific ma terials . Experimental values are indicated 
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correlated with the hypothesis outlined above. Most discrepancies are 
understanda'ble in terms of experimental errors . A review of experimental 
observations in the light of this theory shows qualitative coherence . 
1 . Tne range of forces observed with the precipitation of particu-
late materials produced by the exploding wire technique extends f rom the 
maximum theoretical value of 8.8 x 10-7 dynes/°C down to the level of 
-7 ;o 5.5 x 10 dynes C. This observation is consistent with the concept of 
a complex of very fi~e particles and large void fraction possessing a 
thermal conductivity close to that of the gas in which it is suspended. 
The fact that precipitation appeared to be complete is attributed to the 
very large thermal velocities predicted by Waldmann's high Knudsen num-
ber mechanism which would effectively precipitate the very fine primary 
particles. The fact that the deposit is sharply defined indicates that 
essentially all agglomerates have the same effective thermal conductivity . 
2 . The average experimental values for the precipitation of the 
oxides of aluminum and magnesium faerosolized by powder dispersion and 
burning) lie 'between 4.0 and 4.8 x 10-7 dynes / 0 G, just below the range 
for exploded materials . It is supposed that the forces are representative 
of a median thermal conductivity in the range defined by the deposit radii 
corresponding to the extremes of the circumferential band. This range) 
for a typical deposit) overlaps that of the exploded materials and its 
upper limit falls only 30 per cent below the theoretical maximum at 
7 x 10-7 dynes/0 c. Its lower limit (no-c sharply defined) extends to 
-7 ;o 1.5 x 10 dynes C. 
3 . The central core deposit radii) comparabl e for most materials J 
give an average force value on the order of 4 x 10-7 dynes, even for aero-
sols of dispersed metallic powders. The observations again indicate a 
range of forces with an upper limit corresponding to that for the oxi des. 
This supports the estimations of a high eff ective conductivity for more 
complex agglomerates independent of the bulk value. A notable exception 
in this case was the p r ecipitation of atomi zed gas carbon, where the cen-
tral core area indicated a reduced force val ue of 6. 5 x 10-7J which is 
v ery close to the maxi mum. 
-134-
Final Report; Project No. B-159 
4. The metallic aerosols (including gas carbon and sodi!lm chloride) 
produced by the dispersion of powder were not completely precipitated. 
Thus the lower extremity of the reduced thermal force range lies below 
6 x 10-9 dynes/°C, which is the minimum detectable \vith the precipitator 
used in the investigation. It appears that the effective particulate 
-2 ; · 0 conductivity was above 2 x 10 cal em sec K, which is consistent with 
bulk conductivities. It is therefore surmised that primary particles or 
very simple agglomerates constitute a substantial portion of the aerosol-
ized material. 
5. The average reduced force values obtained from Millikan type 
observations with magnesium and aluminum oxide are respectively 4.8 x 10-8 
-8 ;o and 7·5 x 10 dynes. C. Herein s ome inconsistency arises with the ques-
tion of appropriate thermal conductivity for the primary particles. It 
has been observed that these values correspond very closely to t he theo-
retical values obtained by using the thermal conductivities reported for 
the pressed brick and for the powder. It has also been observed t:nat this 
force magnitude, in the case of alureinum oxide, is only 50 per cent below 
the value corresponding to the maximum deposit radius in the thermal 
precipitation experiment. Thus the two experimental observations are in 
agreement (certainly within the range of experimental errors) if the 
particles observed in the modified Millikan cell correspond to the pre-
c ipitated particulates of greatest thermal conductivity. Tnis situation 
i s probable since larger, more complex agglomerates would be expected 
to fall out before reaching the central cell of the Millikan apparatus 
and smaller particles are more likely to be ensnared in the electro-
static field. Why then would the effective part i culate thermal conduc -
tivity not he that of the nonporous polycrvstaline oxide reported by 
KingerlyJ et.al ., 17 i.e., on the o rder of 0.06 to 0.08 cal/cm sec °K? 
It seems that this would be the proper value for magnesium oxide, in 
view of the maximum apparent density reported by Fuks13 and the cubic 
form of the primary particles seen in the e l ec tron micrographs . If t he 
effective particulate conductivities for t he oxides were as great as 
thes e values, both types of experiments might be expected on a theoretical 
basis , to respond wi th i ndications of lesser fo r ces . It may then be 
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assumed that the nature of the particles was basically different from the 
nonporous polycrystalline solid; that is; the particles were highly porous 
or consisted of very simple agglomerates. If the latter assumption is 
accepted, an effective thermal conductivity in the range indicated is not 
unreasonable. That such might be the case is suggested by the estimated 
diameters of the particles observed directly. For both materials, par-
t iculate diameters as large as 2 to 3 microns have been reported. Since 
underestimation of particle diameters is likely, and no primary particles 
as large as two microns were seen in the electron micrographs; the ob-
servations were probably made for simple agglomerates. Furthermore, the 
cubic structure of the primary particles of magnesium oxide would result 
in more effective interparticle contact than would be expected for the 
irregular primary particles of alpha- alumina . Since both materials 
possess comparable bulk conductivities it is not surprising that Millikan 
type observations indicated a greater force (and hence a lower effec tive 
particulate conductivity) for the aluminum oxide . Still, the unc ertainty 
introduced by the apparent inconsistency remains. If primary particles 
of metallic aerosols are not completely precipitated, it seems reasonable 
that primary particles of the oxides also would be precipitated ineffecti'Vely 
6. The Millikan type observations with gas carbon indicate reduced 
-8 ;o forces on the order of 1.0 x 10 dynes C; this value is slightly lower 
than the theoretical value based on the bulk conductivity of the powder . 
Again, the concept of a simple agglomerate with an effective conductivity 
much lower than that of polycrystalline solid ±s suggested . As before, 
a quant i tative evaluat~on i s out of the question. 
7· Finally, a specific example is cited . The composite aerosol of 
primary salt particles, including diameters in a range from a few 
hundredths t o s everal microns produced a deposit which showed complete 
deposition of the fine agglomerated material but ineff ective prec ipitati on 
of the large unagglome rated material . This deposit indicated the f orce 
range extending from the maximum value to less than 6 .5 x 10-9 dynes/C0 . 
Thus there is strong support for the hypothesis, but its quantitative 
testing i s inadequat e . 
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G. Interpretation of Earlier Observations 
With the hypothesized concept it is also possible to explain some of 
the apparent anomalies in thermal force phenomena which have been reported 
·, 
prior to this investigation. For example, the thermal precipitation of 
most materials can be accomplished, regardless of thermal conductivi ty of 
the solid, because of the low effective particulate conductivity ascribed 
to agglomeration. It is probable that most of the visible particulates 
in a smoke or dust are complex agglomerates. Since a very large fraction 
of the airborne matter would be collected it is understandable that pre-
cipitation would have been considered totally effective. Also, the dust-
free space observed around a heated element would be essentially of constant 
width (this width being characteristic of the limiting force value). In 
cases where thermal precipitation of materials of high solid conductivity 
has been observed, it has been reported that deposits of all materials 
have been of essentially the same width. It should be noted that in s ome 
cases with solids of very high conductivity Epstein's equation has been 
qualitatively correct . While the Schotte correlation may not be quantita-
tively accurate, i t does indicate that the effective conductivity i s de-
pendent upon the solid conductivity, particularly when its value is large. 
H. Applicability of Experimental Observations as Test of Theory 
There is one other point which should be emphasized in t he discussion 
of results. It may be recalled from the theoretical discussion that the 
force mechani sm is dependent upon the Knudsen number. In going from the 
concept of molecular theory (where the distribution function i s not i nflu-
enced by intermolecular collisions in the vicinity of the particle) to 
the hydrodynamic-thermal creep analysis (where the fluid is regarded as 
a continuum) a situati on is encountered where neither theory is adequate. 
In this situation of Knudsen number near unity, the thermal slip streams 
develop progress i vely as the population density of the molecules increases 
in the vicinity of the particle. It is in this realm that the particulate 
thermal conductivity begins to exert its influence . There is some uncer-
tainty as to the inception of this influence and to the Knudsen number 
at which it is f ully developed. From the observations of Schmitt, 32 
-137-
Final Report, Project No . B-159 
discussed in Section IV, Experimental Observations of Other Investigators, 
the effect of thermal conductivity does not seem to be fully established even 
at a Knudsen number as low as 0 .15. Most of the experimental observations 
of thermal forces, particularly those for materials of relatively high thermal 
conductivity, have been made for systems characterized by Knudsen numbers 
near this value or greater. Hence, there exists a possibility that the ob-
servations are characterisitic of a transition region in which Epstein's 
equation might not be expected to apply quantitatively. If this is the 
case, experimental forces would be expected to be greater than predicted and 
less dependent upon thermal conductivity. The existence of this possibility 
is a major weakness of most thermal force investigations. It is not possible 
to say at this point whether the above mentioned factor i s reflected in the 
reported observations. 
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XII. CONCLUSIONS AND RECOMMENDATIONS 
In view of the discussion of results, it is inevitable that conclu-
sions drawn from this investigation are qualitative. They may be summa-
rized as follows: 
1. The thermal precipitation of solid particulate material when 
agglomerated will be accomplished.with an effectiveness generally much 
greater than would be predicted by theoretical estimates based upon the 
thermal conductivity of the massive solid. 
2. Experimental thermal forces in a system characterized by low 
Knudsen numbers may be correlated with Epstein's equation by using an 
effective thermal conductivity for the pa rticulates. 
3· The thermal precipitation of solid particulate material is most 
effective if the aerosol consists of very fine primary particles or of 
large primary particles of low solid thermal conductivity. 
4. Complex agglomerates of primary particles of high solid conduc -
tivity may be subjected to a thermal force characteristic of a low effec-
tive particulate conductivity. 
5· Large unagglomerated primary particles of high thermal conduc -
tivity will be subject to relatively low thermal forces and their pre-
cipitation i s ineffective. 
6. The effective thermal conductivity of a complex agglomerate will 
approach that of the gas in which it is suspended, regardless of the 
solid conductivity, and the thermal force acting upon it -vrill approach a 
maximum value defined by Epstein's equation. 
7. In accordance with Epstein's equation the thermal force is 
directly proportional to the temperature gradient and the particle diam-
eter . The pressure dependenc e of thermal force was found in qualitative 
agreement with Epstein's theory, but the data coll ected were not suffi-
cient for a quantitative conclusion r egarding this effect. 
The correlation of experimental results and theory has been accom-
plished with a concept of effecti ve particulate conductivity . This 
interpretation is hypothet ical and, whi le it is based upon stong experi-
mental evidence, additional investigation i s needed for quantitative 
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confirmation. The techniques which have been employed in this investi-
gation are adaptable for experimental testing of the hypothesis, but 
they are subject to the limitations discussed previously. Also, the 
study of solid particulate aerosols is further complicated by the tendency 
toward agglomeration. With a significant degree of agglomeration the 
uncertainty in effective particulate conductivity remains a serious ob-
stacle. An exact knowledge of particulate thermal conductivity is essen-
tial for quantitative testing of theory. In this respect, an aerosol of 
dispersed liquid droplets seems ideal. Unfortunately, the use of liquids 
has major drawbacks. Specifically, most liquids fall into a narrow range 
of relatively low thermal conductivity . A comprehensive experimental 
study must include aerosolized materials of h igh thermal conductivity 
since Epstein's theory is significantly different from others only under 
this condition. Mercury would fulfill this requirement. However, par-
ticularly with mercury, a disadvantage becomes significant. Except with 
special aerosolization techniques, mercury droplets may be coated with an 
oxide film which prevents their fusion into a single sphere upon contact 
and results in the formation of agglomerated units similar to those of 
solid particles. The apparent density of the particulates of mercury 
is sometimes only one tenth the theoretical density. 13 It is obvious 
that a satisfactory experimental investigation will require a most careful 
selection of particulate materials and aerosolization techniques and a 
precise knowledge of the nature of the particulates produced. 
Section X, Analysis of Errors, of this report included a discussion 
of the errors associated with thermal precipitation studies. The confi -
dence limits for precipitation data must be narrowed considerably for 
accurate thermal force evaluations to be obtained . Hence, it is generally 
recommended that emphasis in future studies be placed on direct observa-
tions of particulate behavior. 
Finally, it seems that more valid testing of Epstein ' s theory should 
be made under conditions of very low Knudsen number . This condi tion would 
be achieved by increasing particle size or by decreasing the free path 
length of the gas molecules. Increasing the particle size would lead to 
larger gravitational components and inaccuracies in thermal component 
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measurement. Hence, pressure variation is the preferable approach. A 
comprehensive study that includes a pressure range adequate for testing 
theories of both high and low Knudsen number mechanisms is recommended. 
For this study, a reasonable upper limit might be around ten atmospheres 
pressure for particle diameters on the order of one micron. 
Wyatfo C. Whitley, Chief ~ 
~ical Sciences Divisi ~ 
Robert E. Stiemke, Director 
Engineering Experiment Station 
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